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HffBOniCTION 

Heterogeneous  condensed  systems  may  be  regarded  as  mechanical  mixtures 
of  solid  or  viscous  liquid  fuels  and  oxidizers. 

The  most  interesting  systems  of  this  type  at  the  present  time  are  the 
composite  solid  propellents  (for  rocket,  ramjet  and  other  engines)  and  pyro¬ 
technic  mixtures  (for  further  details  see  Refs.159>  222,  223  and  others). 

Neither  of  these  two  classes  of  condensed  systems  is  new.  In  fact  the 
history  of  the  use  of  black  powder  as  a  rocket  fuel  and  the  history  of  various 
pyrotechnic  mixtures  go  back  many  centuries.  However,  at  the  end  of  the 
nineteenth  century  black  powder  lost  its  significance  as  a  rocket  fuel,  at 
first  because  of  the  temporary  loss  of  interest  in  rocket  technology  and  then, 
after  the  beginning  of  the  rapid  development  of  rocket  technology  in  the 
twenties  of  our  century,  on  account  of  the  introduction  of  liquid  rocket 
engines  and  motors  with  a  solid  fuel  cf  the  double-base  type.  Interest  in 
pyrotechnic  mixtures  continues  unchanged,  but  because  of  the  rather  limited 
volume  of  their  production,  investigations  cn  the  mechanisms  of  burning  of 
pyrotechnic  mixtures  have  only  been  carried  out  on  a  small  scale.  Apart  from 
this,  research  in  this  area  is  much  more  difficult  on  account  of  the  great 
variety  in  the  characteristics  of  the  components  of  different  pyrotechnic 
mixtures. 

It  is  natural,  therefore,  that  the  theory  cf  combustion,  which  began  to 
be  developed  about  1890,  was  worked  out  first  of  all  for  the  combustion  of 
gases,  which  i3  of  great  practical  significance  and  has  much  simpler  laws. 

It  should  also  be  remembered  that  many  results  obtained  from  the  study  of  the 
kinetics  of  gas  reactions  at  lower  temperatures  can  be  applied  to  investiga¬ 
tions  cf  the  ccmbusticn  of  gases. 

Later  it  was  established  that  the  thermal  theory  of  combustion  can  be 
applied  successfully  to  describe  the  combustion  cf  volatile  homogeneous  con¬ 
densed  systems.  For  non-volatile  homogeneous  systems  aspects  of  the  thermal 
theory  of  ccmbustion  were  applied  mainly  tc  reactions  in  the  condensed  phase. 
These  aspects  were  supplemented  by  a  series  of  qualitative  concepts, 
especially  concerning  the  expulsion  of  particles  from  the  surface  cf  a  burning 
charge. 

Interest  in  hemogenr  ous  condensed  systems  and  the  amount  cf  research  on 
them  considerably  increase!  about  1950  cn  account  of  the  rapid  development  of 
composite  solid  rocket  propellents  of  various 'types. 
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At  the  present  time  there  are  several  aezen  papers  in  the  literature 
which  deal  with  work  on  the  combustion  of  heterogeneous  systems.  ■  Qualitative 
concepts  of  the  caribustiai  cf  heterogeneous  condensed  systems  and  the  elements 
of  a  quantitative  theory  con  be  derived  from  the  results  of  this  work  and  with 
the  support  of  deductions  from  the  thermal  theory  of  combustion. 
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CHAEBSR  I 


BASIC  PROCESSES  IETBI&lEPTO  THE  5A.TS  OF  COMBUSTION 
OP  VARIOUS  TYPES  OF  FLAMES 


In.  general  the  rate  cf  burning  depends  on  the  rate  of  mixing  of  the 
initial  components  in  the  heating  a  one  and  in  the  reaction  zone  (for  hetero¬ 
geneous  systems),  on  the  rate  of  the  chemical  reactions  between  the  c aperients, 
and  on  the  rate  of  transfer  of  heat  and  reactive  speoies  from  the  reaction 
zone  to  the  initial  system.  The  normal  rate  cf  burning  (and  especially  the 
form  of  the  combustion  front)  depends  on  the  flew  conditions  of  the  uribumt 
mixture*  and  of  the  products  of  combustion  (especially  for  combustion  in 
engines) . 

Naturally  it  is  out  of  the  question  to  derive  a  single  formula  for  the 
calculation  cf  the  burning  rate  that  is  applicable  to  all  cases  or  even  a 
single  system  of  equations  of  riot  too  unwieldy  character  and  suitable  for 
numerical  calculations. 

Consequently,  several  basic  types  of  flame  are  considered  in  the  theory 
of  combustion.  These  differ  in  their  scientific  and  practical  significance 
and  in  the  extent  to  -which  they  have  been  studied.  The  parameters  cf  the 
greatest  interest  for  a  given  type  of  flame  are  different;  the  approach  to 
the  theoretical  treatment  is  essentially  different  for  each  typo  of  flame; 
finally  there  are  several  differences  in  the  experimental  methods. 

The  types  of  flame  which  aro  the  most  important  for  the  theory  of 
c embus t ion  may  be  enumerated  as; 

(1)  The  laminar  flame  in  a  homogeneous  gaseous  mixture.  The  flame 
produced  by  combustion  cf  volatile  explosives  belongs  to  this  type. 

(2)  The  laminar  diffusion  .flame;  in  this  case  a  stream  of  fuel  gas 
bums  in  an  oxidising  atmosphere.  An  example  of  this  type  is  the  flame 
produced  during  the  diffusive  burning  of  liquid  fuel  poured  into  a  cylindrical 
vessel,  etc. 

(3)  The  flame  produced  during  the  burning  of  a  drop  of  liquid  fuel  or 
cf  a  particle  of  solid  fuel  in  an  oxidizing  atmosphere, 

(4)  Turbulent  flames  in  homogeneous  or  non-premixed  gas  mixtures. 


"'For  gaseous  systems  or  systems  consisting  of  gas  plus  solid  particles 
(or  liquid  drops). 
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(5)  The  flame  produced  during  the  burning  of  non- volatile  explosives, 
powders,  etc.  when  the  reaction  in  the  condensed  phase  is  the  most  important. 

There  are  many  intermediate  types,  for  example,  the  combustion  of  a 
suspension  of  solid  fuel  particles  or  a  suspension  of  liquid  fuel  drops  in  a 
stream  of  gaseous  oxidizer  (this  type  has  features  characteristic  of  a  flame 
type  3  and  1,  or  3  and  4-).  It  is  these  intermediate  types  which  are  of  the 
greatest  technical  interest. 

The  combustion  of  condensed  mixtures  is  also  an  intermediate  case 
which  combines  to  some  extent  the  features  characteristic  of  flames  type  1, 

2,  3  and  5*  Turbulence  can  also  play  a  definite  role  in  the  combustion  of 
condensed  mixtures,  although  in  conditions  completely  different  from  those  in 
flames  of  type  4. 

Sane  characteristics  of  the  basic  types  of  flames  may  be  examined 
briefly  from  the  point  of  vie7J  of  their  usefulness  in  understanding  the 
mechanism;:.  of  combustion  of  condensed  mixtures. 

We  will  consider  first  the  definition  of  burning  rate.  The  concept  of 
normal  burning  rate  (un)  has  an  important  and  fundamental  significance  in 
the  laminar  combustion  of  gas  mixtures  and  homogeneous  systems.  By  defini¬ 
tion  ufl  is  the  velocity  of  displacement  of  the  flame  front  relative  to  the 
unbumt  mixture  in  a  direction  perpendicular  to  the  surface  of  the  flame  at 
the’  given  point.  The  dimensions  of  u^  in  the  Systcme  Internationale  are 
xo/ogo,  although  this  unit  is  as  yot  rarely  used  for  burning  rates  and  then 
ally  for  gaseous  systems.  The  quantity  un  is  usually  expressed  in  cm/ see 
for  gas  systems  and  for  condensed,  systems  in  mn/sec;  if  the  burning  rate  of 
condensed  systems  were  expressed  in  m/sec  then  in  the  usual  pressure  range 
very  small  fractional  numbers  would  be  obtained. 

In  homogeneous  condensed  systems,  measurements  arc  most  frequently  made 
on  the  burning  rate  of  end-burning  cylindrical  charges,  where  it  is  assumed 
that  tho  burning  front  is  plane.  It  has  been  shown  experimentally  that,  in 
the  majority  of  cases  where  a  coating  has  been  applied,  this  assumption 
is  correct  and  distortions  are  only  observed  at  the  edges  of  the  charge. 

In  addition  for  solid  substances,  and  for  sufficiently  viscous  liquid  sub¬ 
stances,  the  initial  solid  or  liquid  remains  stationary  during  the  period  of 
combustion.  .Hcncc  the  normal  burning  rate  is  then  simply  the  obscrvablo 
velocity  of  the  flame  (in  the  laboratory  system  of  coordinates)  and  is 
constant  at  different  points  of  the  charge. 
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The  conditions  are  similar  when  measurements  are  made  cn  the  burning  rate 
of  gas  mixtures  cn  a  flat-flame  burner,  with  the  only  difference  that  in  this 
case  the  combustion  front  is  stationary  and  the  uribumt  mixture  moves  with  a 

velocity  v  =  u  =.  V/3,  where  V  is  the  volumetric  discharge  of  gas  through 

3  -  2 

the  burner,  cur /sec,  and  S  is  the  area  of  cross-section  of  the  burner,  cm  • 

The  analogy  is  even  more  complete  in  that  the  volatile  explosives  first 
vaporize  and  the  stream  of  vapours  bums  in  the  caribusticn  front;  however, 
for  condensed  substances  the  burning  rate  is  measured  relative  to  the  con¬ 
densed  phase  and  not  to  the  gas  phase. 

In  measurements  of  the  burning  rate  of  a  gas  mixture  using  a  bunsen 
burner,  the  combustion  front  is  cone  shaped  (Fig.  l)  and  the  area  of  its  surface 
is  considerably  larger  than  that  of  the  crcss-secticn  of  the  burner.  The 
normal  burning  rate  (moan)  is  equal  to  u^  =  V/S^.  can  also  be  expressed 

in  terms  ox  v,  the  velocity  of  the  gas  flowing  into  the  combustion  front: 

=  v  sin  <f>,  where  <p  is  the  angle  between  the  velocity  vector  of  the  gac 
and  the  combustion  front. 

For  combustion  of  a  gaseous  mixture  in  tubes  or  spherical  vessels  the 
observed  flame  velocity  (relative  to  the  walls  of  the  vessel)  is  not  equal  to 
the  normal  burning  rate,  since,  owing  to  the  expansion  of  the  combustion 
products,  the  uribumt  mixture  in  front  of  the  combustion  front  moves  relatively 
to  the  walls  of  the  vessel. 

Thus  the  measurement  of  the  normal  burning  rate  u  is  simDlest  for 

n 

homogeneous  condensed  systems,  since  in  this  case  the  combustion  front  is 
plane  and  the  initial  substance  is  stationary  (in  the  laboratory  system  of 
coordinates),  and  ncncc  un  is  equal  to  tho  observed  velocity  of  propagation 
of  the  flame,  u  (in  the  laboratory  system  of  coordinates). 

However,  it  should  bo  emphasized  that  this  concept  of  normal  burning 
rate  may  net  bo  applied  to  all  typos  of  flames  (see  below).  In  particular, 
in  the  case  of  greatest  interest  to  U3,  that  of  condensed  mixtures,  the  surface 
of  tho  caribusticn  front  has  a  complicated  form  that  is  not  stationary  and 
there  is  little  or  no  possibility  of  measuring  its  surface  area.  Therefore, 
for  condensed  mixtures,  the  burning  rato  is  understood  to  be  the  observed 
velocity  of  displacement  of  the  whole  of  the  combustion  zone  (in  the  laboratory 
system  of  coordinates)  regardless  of  the  thickness  of  this  zone  cr  the  surface 
area  of  the  caiibustion  front.  It  is  only  in  the  limiting  case  of  sufficiently 
finely  divided  mixtures  of  volatile  components,  when  combustion  takes  place 
in  a  similar  way  to  the  combustion  of  homogeneous  systems,  that  the  burning 


10 


rate  is  equal  to  the  normal  burning  rate.  As  well  as  the  linear  burning  rate 

the  mass  burning  rate  is  also  used  where  m  =  pu  and  p  is  the  density  of 

the  uribumi  mixture.  It  is  obvious  that  m  is  equal  to  the  mass  of  substance 

burnt  in  unit  time  per  unit  area  of  combustion  front  (where  un  i3  used)  or 

per  unit  area  of  cross-section  of  charge  (where  u  is  used).  In  the  S.I. 

-2  -1 

the  dimensions  ctf  mass  rate-  are  kg  m  seo  ;  however  this  unit  is  not  yet 

-2  -1 

found  in  the  literature*  and  the  quantity  m  is  expressed  as  gm  cm  seo 
(gm  cm  seo  =  10  leg  m  sec  ). 

Both  for  gaseous  and  condensed  systems  tho  mass  burning  rate  is  used 
less  frequently  than  linear  burning  rate.  This  is  partly  because  it  is  the 
linear  burning  rate  that  is  generally  measured  experimentally.  However  for 
comparison  of  the  burning  rates  of  gaseous  and  condensed  systems  only  the  mass 
burning  rate  is  suitable.  In  fact,  the  quantity  m  for  ga3  mixtures  and 
volatile  condensed  substances  has  tho  same  order  of  magnitude.  On  the 
contrary,  the  linear  burning  rate  at  lav  pressures  for  gas  mixtures  is  several 
orders  of  magnitude  higher  than  for  condensed  systems  (in  order  to  burn  the 
same  quantity  of  substance  per  unit  time  in.  the  reaction  zone,  gas  has  to  be 
supplied  at  a  higher  velocity  than  a  solid  or  liquid  substance,  since  these 
have  a  density  considerably  higher  than- the  density  of  the  gas). 

Moreover,  in  condensed  systems  the  ma33- burning  rate  depends  on  the 

pressure  p  with  the  same  dependence  as  the  linear  burning  rate  and  differing 

from  it  only  by  a  constant  factor,  since  the  density  of  condensed  systems  in 

the  pressure  range  of  interest  to  us  does  not  in  practice  depend  on  p. 

Consequently  if  the  function  u(p)  is  approximated  by  the  relationship 
v 

u  =  bp  ,  then  the  exponent  v  will  bo  the  same  for  the  linear  and  mass 
burning  rate. 

However,  for  gas  systems  where  the  density  is  proportional  to  tho 
pressure,  the  exponent  v  for  the  mass  burning  rate  will  be  higher  by  unity 
than  for  the  linear  burning  rate.  Therefore  to  enable  comparison  to  be  made 
of  results  for  gaseous  and  condensed  systems,  tho  mass  burning  rate  will  be 
used  for  both  typ03  of  syst  ec/ . 

^e  should  note  that  if  the  linear  burning  rate  is  taken  in  nm  sec  and 
the  density  in  gia  cm***,  then  for  tho  mass  burning  rate  wo  obtain  the  value 
corresponding  to  S.I.  units 

1  ran  sec"”'  gm  cm“3  =  10“3  msec"’'  kg  10^  m~ ^  =  1  kg  uf^  see"’'  . 

6 

^Usually  the  composition  of  gas  mixtures  is  expressed  by  percentage  volume. 
Thus  the  densities  of  gas  mixtures  are  readily  calculated  by  the  formula 

W  -•  (P/to)  l  \  Pi 

whore  6^  =  TA/S  V^,  the  fraction  by  volume  of  the  ith  gas  component,  and 
is  the  molecular  v/jight  of  the  ith  gas  component. 
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LAMINAR  FLAMS  IN  HOMOGENEOUS  GAS  MIXTURES 


This  type  of  flame  has  been  studied  in  considerably  mere  detail  and  more 
thoroughly  than  any  other  type  of  flame. 

The  flame  in  a  homogeneous  mixture  (laminar  and  turbulent)  is  of 
considerable  practical  interest  in  connection  with  problems  ocf  safety  in  coal¬ 
mines  and  also  of  the  use  of  every  kind  of  storage  tank  or  tanker  containing 
fuel  gas  or  a  volatile  liquid.  In  addition  the  investigation  of  several 
types  '"c’  burners,  etc.  has  been  associated  ?/ith  this  research. 

The  laminar  flame-  in  homogeneous  mixtures  is  of  exceptionally  great 
significance  in  the  theory  of  combustion,  since  for  this  type  of  flame  the  - 
influence  of  chemical  factors  is  not  obscured  by  the  mixing  processes  of  the 
initial  components,  and  the  velocity  profile  of  the  uriburat  mixture  can  be 
very  simple. 

Several  different  forms  of  a  lamiiiar,  homogeneous  flame  have  been 
investigated.  Usually  different  types  of  burners  are  used.  A  bunsen  burner 
flame  is  shown  in  Fig.1  and  the  flame  of  a  flat-flame  burner  is  shown  in  Fig.  2. 
In  these  cases  the  flame  is  stationary  with  respect  tc  the  laboratory 
coordinates  which  renders  it  convenient  for  measurement  of  not  only  the  burn¬ 
ing  rate,  but  the  temperature  and  concentration  profiles  (by  means  of  optical 
methods,  thermocouples,  gas  sampling,  etc). 

The  propagation  cf  flames  is  also  investigated  in  tubes  and  spherical 
vessels  with  rigid  walls  (constant  volume  bombs)  or  with  elastic  walls  (con¬ 
stant  pressure  bembs).  In  these  cases  both  the  combustion  front  and  the 
uribumt  mixture  move  with  respect  to  the  laboratory  system  of  coordinates  and 
therefore  it  becomes  very  difficult  to  measure  the  temperature  and  concentra¬ 
tion  profiles.  However  these  methods  offer  considerable  advantages  when 
measuring  the  velocity  of  a  flame  at  high  pressures. 

The  available  data  in  the  literature  t  .1  the  burning  rate  of  gas  mixtures 

will  now  be  examined.  Only  the  normal  burning  velocity  will  be  used,  but  for 

the  sake  of  brevity  u,  u  r.  a  o  ,  etc.  will  be  written  instead  of  u  , 

max'  max  n 

(un)inax,  «/  \  ,  etc.  Part  of  the  experimental  results  (of' Refs. 2,  3>  6 

"lv  max 

and  others)  has  been  taken  from  the  graphs.  Y/c  have  also  calculated  the 
values  cf  the  exponent  v  in  the  formula  ra  =  bpV  and  the  value  of  the 
temperature  coefficient  =  d  In  ra/dl^  from  the  experimental  data  given  in 

the  works  cited. 
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A  ABSOLUTE  MAGNITUDE  OP  BURNING  RATE 


Let  us  quote  first  of  all  data  on  maximum  burning  rates  and  binning  rates 
of  stoichiometric  mixtures  (for  the  overwhelming  majority  of  gas  mixtures 
(u  )  and  m  are  obtained  for  a  mixture  composition  not  far  from 

XI  IBcLa.  .  IflclX 

stoichiometric,  see  below). 

The  basic  part  of  the  experimental  results  refers  to  mixtures  with  air 
at  atmospheric  pressure.  In  this  case,  according  to  the  data  reviewed  in 

Ref.l,  the  value  of  m  lies  within  the  limits  0,03  to  0,06  gra  cm  sec 

XHcLX 

for  the  majority  (45  out  of  60)  of  fuel  gases  studied.  m  reaches  a  value 
of  0. 1-0.2  gm  cm  sec  only  for  hydrogen  and  low-molecular  weight  unsaturated 
and  cyclic  compounds  (Table  l). 

TABLE  1 

Maximum  mass  burning  rates,  mass  burning  rates  of  stoichiometric 


mixtures  and  combustion  temoerature  of  stoichiometric  gas 


mixtures  at  atmospheric  pressure  and  room  temperature 


-2  -1 

m  ,  gm  cm  sec 
max' 


-2  -1 

m,  gm  cm  sec 

(a  =  1) 


Calculated  canousticr 
temperature,  °K 


Puel  gas 


Mixtures  Wxtogea  Mixtures 

with  air  mth  with  air  mth 
oxygen  oxygen 


Hydrogen  0.198  [ l]  C.385  [8]  0.1  48  [lo] 

Acetylene  0.186  [l]  -  0.1 65  14 

0.173  [10! 

EoSderi°  0,113  ^  ~  0,112  M 

Ethylene  0.088  [l] 


Carbon  0.0616  [l 


monoxide  0.051  2  J  0.125  l2j 

0.055  [8J  0.135  L8J  0.037  [8] 

Benaene  0.06  [l]  0.4S  [3]  0.06  [lo] 

Propane  0.057  [l] 


Propane 


Methane 


0.052  fl]  0.512  (2 
0.038  [2]  0.367  [8 
0.0347  .5. 

0.0455  6 
0.0425  [7J 


Mixtures 
with  air 
(a  =  1) 


2345  [10] 
2370  [ll] 

2580  [10] 
252c  [i-:j 

2425  [10] 


Mixtures 
with 
oxygen 
(a  =  1) 


5050  [11] 
3320  [11] 


2340  [10]  3170  [12] 


2570 
2340  [ 

2260  [10] 

2200  [lO] 
2220  [8] 


2970  [11] 


I 


•i 
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The  influence  of  the  structure  of  the  fuel  molecule  on.  the  burning  rate 

13 

«.  for  low-molecular  hydrocarbons  v/ith  a  straight  chain  has  been  elucidated  • 

In  this  cas  the  burning  rate  increases  with  the  degree  of  unsaturation  of  the 
bonds  in  the  molecule  (the  burning  rate  increases  in  the  order 
alkanes  <  alkenes  <  alkadienes  <  alkynes  (Fig.  3)).  This  effect  decreases 
with  increase  in  the  length  of  chain  (Fig.  4) ,  but  nevertheless  the  burning 
rate  of  mixtures  with  air  is  approximately  2$%  higher  for  n-hexyne  than  for 
n-hexane. 

There  are  much  less  data  for  mixtures  with  oxygen  (at  1  atm)*  The 

burning  rate  of  such  mixtures  is  considerably  higher  than  for  mixtures  v/ith 

air  (for  hydrogen  and  carbon  monoxide  2-3  times  and  for  methane  more  than  an 

order  of  magnitude;  see  Table  l)»  The  mass  burning  rate  cf  the  oxygen 

mixtures  studied  lies  within  the  limits  0.4- 1.2  gra  cm  sec”  (except  for  the 

-2  -1 

mixture  CO  +  0o  fer  which  m  a  0.1?5  cn  sec  ). 

max 

Data  for  flames  with  oxides  of  nitrogen  are  also  of  interest  (see 
Table  2). 


TABLE  2 

Mass  rate  of  burning  of  homogeneous  gas  mixtures  ( a  -  Q  based  on 
oxides  of  nitrogen  at  atmospheric  -pressure  and  reem  temperature 


! 

I 
! 

j 

Frcm  Tabic  2  it  can  be  seen  that  the  burning  rate  for  mixtures  with  NO 
is  considerably  lower  than  for  mixtures  v/ith  air,  not  to  mention  mixtures 
*  with  oxygen.  For  mixtures  v/ith  N02  the  burning  rate  is  close  to  the  burning 

rate  of  mixtures  with  air.  Finally  the  burning  rate  of  mixtures  v/ith  nitrous 
oxide  occupies  an  intermediate  position  between  the  burning  rates  of  mixtures 
v/ith  oxygen  and  v/ith  air,  but  is  nearer  to  the  latter. 


Fuel 

Oxidizer 

N20  [9] 

NO  [93 

N02  [9] 

°2 

Air 

h2 

0.382 

0.02 

0.108 

0.575  [43 

0.1148  [10] 

C2H2 

0.273 

0.106 

0.226 

1.16  [9] 

0.173  [103 

°2\ 

0.200 

0.073 

0.079 

0.6145  [9] 

0.089  [lO] 

°2H6 

0.155 

0.029 

0.035 

0.394  [93 

0.053  [l] 

p  =  1  atm  abs. 


lit. 


■The  ocnibustion  temperatures  for  mixtures  of  hydrogen  with  these 
oxidizers  are  given  in  Hefs.11,  12  (Table  3)* 

From  Table.  3  it  can  be  seen  that  the  burning  rate  of  a  mixture  of 
H2  +  NO  is  at  least  an  order  of  magnitude  lower  than  the  rate  which  should 
be  observed  for  this  mixture  if  the  burning  rate  varied  directly  with  combus¬ 
tion  temperature. 
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It  should  be  "noted  that  two  combustion  zones  are  usually  observed  for 
flames  of  mixtures  with  NOg.  In  the  first  zone  NOg  decomposes  into 
NO  +  0.5  Og  and  the  oxygen  reacts  with  the  fuel.  In  the  second  high- 
temperature  zone  NO  reacts,  with  the  fuel.  Two  reaction  zones  are  observed 
in  several  instances  also  for  carbon  monoxide  -  NO  flames.  In  thi3  case  in 
the  first  zone  the  decomposition  of  NO  (vdth  the  subsequent  reaction  between 
oxygen  and  oarbon)  ocours  as  a  result  of  reaction  with  the  radicals  OH,  CN,  ' 
NH,  etc.  In  the  second  zone,  where  the  temperature  is  higher,  the  thermal  • 
decomposition  of  NO  becomes  possible. 


TABLE  3 


Velocity  and  temperature  eg  combustion  of  stoichiometric  mixtures 
of  hydrogen  with  various  oxidizers  at  atmospheric  •pressures 


• 

Oxidizer 

_ _ _ 

ty> 

NO 

°2 

Air 

-2  -1 
m,  gm  cm  sec 

T  (caloulatod) ,  °K 
c 

0.382  [9] 

2960  [ll] 

0.02  [9] 

3110  [l2j. 

0.575  [if] 

3050  [11] 

0.12£  (10] 

2345  [10] 

2370  [11] 

Some  results  can  bo  given  for  the  decomposition  flames  of  endothermic 
compounds  (in- the. gas  phase  at  atmospheric  pressure):  ozone^  (Tq  =  27°C)j 
hydrazine^  (Tq  =  150°C)j  ethylene  oxidc^  (Tq  =  25°0)  and  aoetylane^ 
(at  2  atm  abs) : 
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fi 

H 


°3 

N2\ 

(CH2>2° 

■  c2h2 

-2  -1 
ro,  gm  cm  sec 

0.928 

0.17 

0.0049^ 

0.0061 

T  (calculated) ,  °K 
c 

2677 

1950 

1217 

2560^ 

-2  -1 

In  Ref.  17,  m  =  0.0225  gm  cm  sec  was  obtained. 

Without  taking  intc  account  the  less  in  radiation  by  carbon  particles. 


TABUS  L 

Maximum  rates  of  burning  of  gas  mixtures  at  high  pressures 


m  ,  gm  cm 
max’ 

-2  -1 

sec 

IiiXXoVIX  c 

5  atm 

10  atm 

20  atm 

40  atm 

60  atm 

90  atm 

H2"°2 

4-  5  [4]* 

- 

- 

- 

- 

211  [2] 

c\'°2  U] 

- 

- 

15»5 

- 

- 

67.3 

CO-02  [2] 

0.70 

- 

4.18 

- 

10.6 

15.5 

f - 1 

CVJ 

o 

ScT1 

O.23 

- 

1.29 

- 

- 

- 

C2H2-  . 
air  [4]* 

0.88 

1.74 

< 

— 

— 

— 

- 

°A- 

air  [4]* 

0.32 

0.60 

1.02 

— 

- 

CO  - 

air  (2] 

- 

- 

0.79 

- 

- 

1.82 

CH,  -  air 

4 

0.13  [4]* 

0.20  [4]* 

0.24  [2] 

0.26  [5] 

0.29  [5] 

0.51  12] 

0.11  [6] 

0.14  [5] 

0.29  [4]’ 

0.25  [7] 

- 

- 

0.11  [7] 

- 

0.21  [7] 

- 

- 

- 

°2K2  ^ 
decomposi¬ 
tion 

0.08  [19] 

0.094  [18] 

l 

** 

*• 

decomposi¬ 
tion  [l8] 

i 

0.033 

0.07 

1 

O.146  j 

1 

! 

1 

** 

** 

is  given  instead  of  m 


max 
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At  high  pressures  the  data  are-  sparse  and  only  metliane-air  mixtures  have 
"been  studied  relatively  thoroughly  (Table  4-)  •  It  should  be  noted  that  at  high 
pressures  the  difference  between  the  rates  of  burning  of  mixtures  with  oxygen 
and  air  mixtures  is  even  more  marked. 


IMPENDENCE  CP  BURNING-  RATE  ON  THE  OXIDIZER/ 


RATIO 


The  mixture  composition  at  which  the  burning  rate  is  a  maximum  is  now 
considered,  as  is  the  effect  on  the  burning  rate  of  obanges  from  this  composi¬ 
tion.  The  oxidizer  fuel  ratio  may  be  conveniently  defined  by  the  coefficient 

“  =  (~oa^p/(®oj/%4toich 
-  ■  *  (V/V/(VVstoich 


where  £qxi  ^  and  #cx,  d^  are  the  fractions,  by  weight  and  by  volume, 
respectively,  of  oxidizer  and  fuel  in  the  given  mixture;  (%>cx) atoich’ 

^atoloh*  3114  (Vstcich  “e  thu  s«e.  quantities  in  a 

stoichiometric  mixture-®.  Correspondingly,  for  excess  fuel  0  <  a  <  1,  for 
a  stoichiometric  mixture  a  =  1,  and  for  excess  oxidizer  1  <  a  <  oo. 


^Por  calculating  the  stoichiometric  composition  in  mixtures  of  gases,  in 
which  the  ‘fuel’  consists  qf  one  or  several  fuel  gases  (with  fractions  by 
volume  d^  in  relation  to  the  ‘fuel’),  and  the  ' oxidizer'  consists  of  an 

active  gas,,  e.g.  02,  and  inert  diluents,  e.g.  N2,  with  fractions  by  volume 

d'  ,  d!  (in  relation  to  the  1  oxidizer-’ ) ,  one  can  use  the  formula 
ox  in  ' ' 


!'j  ) 


fy stoich 


r< . 

L 


ki  *k)  h «] "  ■ 


in  which  is  the  number  of  moles  of1  the  oxidizer,  necessary  for  the  complete 
oxidation  of  one  mole  of  tho  ith  fuel  component. 

Thus,  for-  example,  for  hydrogen-air  mixtures,  =  0.5,  si 

(hydrogen  without  additive),  d^  =  0.295*  If  in  the  composition  of  the  fuel 
there  is  an  inert  gas,  then  for  it  k,  =0.  If  the  oxidizer  consists  only  of 
an  active  component,  then  d'  =  1.  Correspondingly,  for  mixtures  of  fuel  gas 
(without  additive j/O- ,  formula  (l)  simplifies  to 


^Vstoich  =  ^  +  ki)  • 
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It  may  be  noted  v/hen  considering  the  position  of  the  maximum  burning 
rate  it  is  possible  in  practice  to  obtain  the  same  result  using  either  the 
mass  or  the  linear  burning  rate,  since, the  density  of  the  majority  of  gase3 
and  condensed  mixtures  changes  relatively  little  over  a  reasonably  wide  range  of 
a»  The  o'.J.y  exceptions  to  this  are  mixtures  consisting  of  components  of  widely 
differing  densities  such  as  0^  cr  ^-KCIO^,  where  m,pflv  can  be  perceptibly 

displaced  in  relation  to  u^^  towards  the  greater  percentage  of  the  heavy 
component. 

The  position  of  the  maximum  burning  rate  of  gets  mixtures  as  new  examined. 

?or  mixtures  with  air  (p  =  1  atm  abs),  the  dr.ta  reviewed  in  Ref.1  have 

u  close  tc  a  =  1:  for  some  mixtures  it  is  obtained  with  a  small  excess 
max  1 

cf  fuel  (a>  0.8),  for  others  with  a  small  excess  of  oxidizer  (a  <  1.12). 
Executions  are  mixtures  cf  CC-air  and  H0-air,  where  u  is  found  for 
considerably  fuel-rich  mixtures,  for  example,  with  CO-air  mixtures  at 
a  as  0.2$. 

By  reduction  in  the  dilution  of  a  mixture  by  an  inert  component  and,  in 
particular,  in  the  transition  from  air  to  oxygen  mixtures,  the  maximum  burning 
rate  of  H2  and  of  CO  mixtures  is  displaced  towards  the  stoichiometric .  Thus, 

for  example,  Yang  (cited  in  Ref. 8)  found  that,  for  a  change  of  oxygen  content 
in  the  composition  of  the  oxidizer  x%  Og  +  (100  -  x)/&  N2  from  x  =  21%  tc 
x  =  98. 5%,  the  maximum  burning  rate  for  hydrogen  is  displaced  from  a  =  O.56 
to  a  =  O.78,  and  for  carbon  monoxide  from  a  =  0.37  to  «  =  0,62.  Per 
benzene  ,  a  change  of  x  from  16.4  to  88.6%  displaced  the  maximum  burning 
rate  from  a  =  0.74  to  a  =  0.92.  However,  'with  methane  (according  to  Yang’s 
data)  a  significant  shift  of  the  maximum  is  not  observed  for  a  change  of  x 
from  21  to  98.5%. 

2  5  7 

‘There  are  only  a  few  works  ,  '  in  which  the  relationship  u(a)  at  high 

pressures  has  been  studied.  The  position  cf  u  was  established  with 

r  max 

seasonable  accuracy  (c.g.  in  Refs. 5  and  7  the  interval  of  a  near 

consisted  of  Aa  rj  O.l).  On  considering  the  quoted  accuracy  of  determination 

2  5  7 

of  the  position  of  the  maximum  in  the  work  *  1  ,  the  conclusion  may  be  reached 

that  increase  of  pressure  docs  not  load  to  a  significant  displacement  of 

2 

u  •  Only  for  CO  is  there  a  marked  dis-olacemcnt  of  u  towards 
max  "  *  max 

stoichiometric  with  increase  of  pressure  (Table  5). 
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TABLE  5 

Displacement  cf  maximum  burning  rate  with  increase  of 
pressure  for  GO' mixtures 


Pressure, 
atm  abs 

au 

max 

* 

i 

Pressure, 
atm  abs 

umax 

C0-0o  1 

CO-air 

co-o2 

CO-air 

.. 

1 

0.60 

0.1£ 

52 

0.82 

- 

5.1 

0.70 

*• 

90 

0.86 

0.71 

21, 

0.82 

0.53 

* 

Thus,  for  gaseous  mixtures  when  they  are  not  excessively  diluted  "by 
inert  components  and  the  pressure  is  sufficiently  high  the  maximum  burning 
rate  lies  close  to  the  stoichiometric  composition. 

As  the  composition  of  the  mixture  is  changed  from  au  (i.e.  that 

max 

composition  associated  with  maximum  burning  rate),  the  curve  u(a)  initially 

falls  rather  gently,  and  then  very  steeply,  and  finally  at  some  «crit 

combustion  ceases.  We  shall  characterize  the  form  of  the  curve  u(ct)  by  the 

ratio  u/u  at  various  values  of  a/cc  • 

.  max 

We  nay  note  two  results  obtained  from  gaseous  mixtures. 

(l)  Reduction  of  the  amount  of  inert  diluent  and,  in  particular,  cn  ^  ^ 
transition  from  air  tc  oxygen  causes  the  curves  u(a)  to  become  less  steep  ’  . 
In  other  word3  excess  of  fuel  or  oxidizer  in  the  mixture  with  oxygen  is  less 
strongly  reflected  in  the  burning  rate,  than  in  mixtures  with  air  (Table  6). 


with  departure  of  mixture  composition  from  Ci[imr 


various  percentages  of  nitrogen^  (pg  =  1  atm) 


2 

(2)  The  quantity  u/u  can  vary  significantly  with  pressure  .  For 

108X 

CC-Og 1  co-air  and  CH^-02  mixtures  ’at  a  value  of  a,  sufficiently  far  from 

a  .  a  substantial  reduction  of  u/u  is  ’observed  with  increase  of 
u  max 

nunc 

pressure.  In  other  words,  excess  of  a  component  reduces  the  burning  rate 
mere  at  high  pressures  than  at  low  pressures  (Table  7) • 


TABLE  7 


Reduction  of  the  burning  rate  of  gaseous  mixtures  with  chango  of  the 

2 

mixture  composition  from  at  various  pressures 


0.73 

0.41 
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C  IE2BNDENCE  OF  BURNING  RATE  ON  PRESSURE 

We  nay  approximate  to  the  actual  curve  of  m(p)  by  a  function 

m  =  b  pv  .  (2) 


If  the  pressure  range  is -wide,  then  the  curve  .must  be  divided  into  several 
sections,  and  the  values  of  b  and  v  determined  separately  for  each 
section.  "Nevertheless  the  application  of  equation (2)  is  justifiable  bn 
account  of  its  simplicity  and  convenience. 


For  all  the  oxidizing  mixtures  studied,  which  are  rather  few,  the  value 
of  v  lies  close  to  unity  (Table  8)  and.  does  not  display  a  systematic 
dependence  on  a.  For  Hg-Og  mixtures  the  exponent  v  is  appreciably  greater 
than  unity^:  in  the  pressure  range  14.  to  90  atm  v^a_^  ^3)  = 

v(a=0.86)  =  1’56'  •”  ' 


For  mixtures  with  air  the  value  of  v  is  generally  lower  than  for 
those  with  oxygen.  For  methane-air  v  a  0.3,  although  individual  values 
show  a  sharp  drop  (see  Table  8).  For  mixtures  of  propane,  ethane  and 

ethylene  witn  air  the  value  of  v  is  appreciably  greater  (v  w  O.65  -  O.85), 
and  for  CgHg-air  mixture 3^  v  a  1. 


In  a  number  of  cases  the  exponent  v  depends  significantly  on  pressure. 
Also  for  seme  mixtures  the  value  of  v  falls  at  very  high  pressure  (see 
Table  8,  data  for  CH^-air  with  a  =  1*2  and  0.90,  and  also  data  for  CO-air). 
On  the  other  hand,  for  other  mixtures  the  value  of  v  increases  at  high 
pressures  (see  Table  8,  data  for  CH^-Og  with  *:  =  0,75  and  0.6l). 

For  CO-air  a  reduction  of  v  is  observed  for  an  increased  excess  of 

fuel  (particularly  at  high  pressures,  see  Table  3).  High  values  of  v  are 

18 

obtained  for  the  decomposition  flames  of  acetylene  (v  kI.44.  ; 

.  q  ft**  1  u  atm 

v2.5-5  atm  ~  2,1  >  an^  propjmo  atB  »  1.0618). 
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D  1EHSNEBNCE  OP  BURNING  RATE  ON  INITIAL  TEMPERATURE 

An  increase  of  the  initial  temperature  Tq  increases  the  mass  (and 
especially  the  linear)  "burning  rate  (Fig. 5)* 

The  data  of  Passauer  (quoted  in  Ref. 8)  are  satisfactorily  described  "by 
the  empirical  formula 

m  =  b'  T  (3) 

o 

where  Tq  is  expressed  in  °K. 

Then  if  the  dependence  of  burning  velocity  on  flame  temperature  T  is 

c 

expressed  by 


-E/2RT 

m  a  e  G  (4) 

where  E  is  the  activation  energy,  cal  mole  ,  then  in  the  absence  of 
dissociation  the  dependence  m(TQ)  will  have  the  form 


-E/2R(T  +q/c) 

m  k  e  ,  (V) 


where  q  is  the  heat  of  combustion,  cal  gjn  ,  and  c  is  the  average  specific 

-1-1 

heat  of  the  reaction  products,  cal  gm  deg  » 

The  dependence  u(Tq)  is  also  characterized  by  the  ratio  u^,  /u^  of 

oil  io2 

the  burning  rates  for  definite  initial  temperatures  (for  example  u^oo°/u20°^ 
or  by  the  coefficient 


u 


1  du 

u  0T^ 
o 


6  In  u 
0T 

o 


or  by  the  analogous  coefficient  for  the  mass  burning  rate 


(5) 


m 


1  6m 
m  0T 

o 


0  In  m 
0T 

o 


(6) 
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I 

i 

i 

|  For  condensed  systems  (3^  and  {3^  are  similar  to  each  other  since  the 

dependence  of  density  on  the  initial  temperature  is  slight  end  in  many  cases 
it  may  "be  ignored.  For  gas  systems 


p|i  pu  u 

111  •  Pgu  =  m  u  =  r  -r  ' 

°  o  0 

■where  p  is  the  molecular  weight. 

For  p  =•  constant  we  obtain  in  place  of  ( 6) 


m 


3  In  u/Tc 

ar  " 


(6f) 


It  is  obvious  that  the  coefficients  (3  and  (3  are  themselves 

u  m 

dependent  on  the  initial  temperature.  Thus  if  there  is  a  dependence  m(TQ) 
of  type  (3),  then  8  =  l/T  (for  exasjjle  at  room  temperature 

m  J  ill  O  mm  S 

~  3.4 . 10'3  deg”  and  at  500CC  0^  ~  1.3  . 10”^  deg”  ).  If  then  (4')  is 
true,  then 


Pm  =  E/2RT*  =  E/2R(To  +  q/c  f  .  (7) 

But  if  the  change  in  Tq  is  not  too  large,  the  experimental  points  in 
the  coordinates  (in  m,  TQ)  or  (in  u/Tq,  ?q)  lie  satisfactorily  cn  a 
straight  line  in  many  cases  which  gives  the  mean  value  (3^  for  the  given 
change  in  Tq.  Value 3  of  (3^  determined  in  this  way  for  a  series  cf  mixtures 
of  gases  at  atmospheric  pressure  are  given  in  Table  9* 

From  Table  9  it  may  be  seen  that  for  stoichiometric  mixtures  of  CH^, 
C^Hg,  CgHg,  n-CyH^g,  iso-CgH^g  in  air  the  values  of  (3^  are  close  to 
-3  -1 

2.10  deg  and  differ  little.  We  may  also  note  that  the  flame  temperatures 
of  stoichiometric  mixtures  of  Hg,  GH^,  CJig,  vary  only  slightly  and  are 
close  to  2200-2300°K  (see  Table  l)^. 


■^If  we  calculate  the  value  of  the  activation  energy  from  (7)  v/e  obtain 
for  a  =  1 


Fuel  gas  (+  air) 

h2 

C6H6 

E,  kcal/mole 

Mr 

38.5 

32*8 

Va..ue  of  the  temperature  coefficient  of  burning  rate  0^  =  - — 

■  - . - .  .  .  o 

for  a  series  of  air  mixtures  at  atmospheric  pressure 


: 

Pm- 

103' 

a 

Q 

Passauer's  data0 

Data  of 
Ref.21 

1 - 

|  Data  cf  Ref  ,.22 

j _ _  _  .  _ 

Hydrogen* 

Methane 

Propane^ 

!  Benzene 

n-pentane 

iso-octane 

1.2*5 

1.18 

2 .2^ 

(20-520°C)  ' 

- 

1.11 

1.70 

(38-538°c) 

1.  64 

(25-427°C) 

1.74 

(25-2*54°C) 

1.05 

2.08"’ 

(20-52093) 

• 

1.0 

2.01 

(20-2*30°C) 

1.60 

(2>>2*279C) 

1.78 

(35-306Dc) 

1.53 

(12*6-2*34C0) 

0.92* 

1.90^ 

(20-520°C) 

0.91 

1.51 

(38-538°C) 

1.72a 

(25-2^7°C) 

1.69 

(35-306°C) 

1.65 

(25-434°C) 

0.88 

1.62  [5] 

( 1 6-220  <3) 

0.86 

1.90^ 

(95-520°0) 

0.79 

5.76 

(95~550°0) 

0.96 

(550-680cC) 

! 

| 

0.77 

1.56  I 
(38-5 38°C)  | 

0.74 

1.99 

(190-430CC) 

•  1.07 
(350-610cc) 

'■ 

0.68 

2.13 

(350-520°C) 

1.90 

(38-538°0)  i 

■ 

* 

*For  a  =  1.2*8;  0.59*  0.2*9  and  0.2i2"the  value  8  continuously 

doorcases  with  the  increase  of  T  .  ..  . . 

,  o 


'Tor  a  =  0.59  "the  value  0  continuously  decreases  vdth  the  increase 
of  Tq  in  the  interval  205-5 38cC. 


^For  the  interval  520-68Q°C  0^  decreases. 


25 


As  the  initial  temperature  increases  0  decreases  in  agreement  with 
(7)  or  with  the  dependence-  0  ss-l/T  (which  follows  from  (3)).  This  is 
especially  noticeable  for  rich  mixtures. 

for  the  mixtures  given  in  Table  9>  the  effect  first  observed 
by  G.V.  Lukashenya  is  particularly  clear:  fcr  a  change  cf  a,  i.e,  a  change 
of  the  mixture  composition,' the  temperature  coefficient  0  goe3  through  a 

«Q  t  ■  • 

minimum  close  tc  where  the  maximum  burning  rate  is  found  (Fig.  6)  • 

E  IKHDENCB  OF  SMALL  ADDITIONS  ON  THE  BURNING  HATE 

Several  investigators  have  shown.  experimentally  that  small  additions  of 
gas  or  of  finely  divided  solid  particles  can  influence  the  burning  rate  cf" 
homogeneous  gas  mixtures  to  a  considerable  extent. 

The  burning  of  carbon  monoxide  is  the  best  known  example. 

Carefully  dried  C0-02  mixtures  generally  do  not  ignite.  But  on 

addition  of  small  quantities  of  water  vapour  which  reduces  the  calculated  heat 

of  combustion  the  mixture  becomes,  flammable,  and  the  rate  of  burning  increases 

as  the  percentage  of  water  increases  up  to  a  limiting  value.  The  data 
23 

obtained  by  Bone  fcr  mixtures  of  45 ft  CO  +  55% •  air  were: 

water  vapour,  %  0.7  1.45  3»5  5»2  80 

•u,  cm/sec  58  76  106  120  118 

In  Ref* 24  the  action  of  a  large  number  cf  gaseous  additives  on  the 
burning  rate  of  mixtures  of  lU-air  was  investigated.  _  In  Table  10  are 
presented  the  data  obtained  for  the  burning  rate  and  also  for  the  value 
Z  =  u  /u  where  u  is  the  burning  rate  of  the  original  mixture,  and  u 

ct  jP  p  B, 

the  burning  rate  of  the  mixture  with  additives. 
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TABLE  10 


The  effect  of  various  gaseous  additives  on  the  burning  rata 
cf  mixtures  cf  Hg-air  at  a  x  0.7 

Content  of  additive  2%  by  volume;  p  =  1  atm  abs;  Tq  =  25°C 


Additive 

cm/sec 

z 

Additive 

cm/ sec 

Z 

Without  additive 

300 

— 

1.1  Difluorethahe 

135‘ 

0.45 

1.3  Butadiene 

27 

0.09 

Methane 

12*4 

■0.2*8 

n-Butane 

2 *6 

0.15 

Methyl  branide 

154 

0.51 

Dibromote  traf  luorcethane 

54 

0.18 

Methyl  chloride 

199 

0.66 

Ethyl  chlori.de 

80 

0.27 

1.1  Difluorethylene 

0.67 

Ethylene 

100 

0.33 

Vinyl  chloride 

230 

0.77 

Besides  the  compounds  listed  in  Table  10,  additions  of  acetylene  and 
ammonia  lowered  the  burning  rate  quite  effectively.  On  the  other  hand 
additions  of  S02,  SFg,  NO,  HC1,  COg,  Wy  CO,  N02,  NgO,  and  Cl2 

lowered  the  rate  insignificantly. 

Vapours  of  sane  liquids  such  as  aniline ,  benzene,  ethyl  ether,  iron 
pentachloride,  toluene,  n-octane  and  acetone  effectively  lowered  the  burning 
rate;  whereas  acetic  acid,  nitromethane ,  tetraethyl  lead,  chloroform  and 
carbon  tetrachloride  lowered  the  burning  rate  insignificantly.  Water  vapour 
increased  the  burning  rate. 

The  reduction  of  the  burning  rate  of  a  stoichiometric  mixture  of  methane 
and  air  with  the  addition  of  seme  finely  ground  salts  was  investigated  in 
Ref .25  (Table  11).  It  was  noted  that  the  effect  of  the  additive  NaHCO^  on 
CjHQ-air  and  especially  on  mixtures  is  much  less  than  on  a  CH^-air 

mixture. 


TABLE  11 


Effect  of  the  addition  of  certain.  po?rder3  on  tlte  burning  rate 
of  the  mixture  CH.  -air  at  a  =  1  at  atmospheric  pressure 


Additive 

Specific  surface 
of  mixture, 
cm^/gm 

Concentration 
of  mixture, 
mg/cm-5 

cm/sec 

Z 

Without  additive 

- 

- 

65 

- 

Na2C03 

10800 

0.01  ■ 

17 

0.26 

l&W 

0.01 

17 

0.26 

10800 

0.02 

13.8 

0.21 

492*0 

0.02 

13.8 

0.21 

NaHCO^ 

11900 

0.01 

19 

0.29 

7760 

0.01 

55 

0.85 

11900 

0.02 

14 

0.22 

7760 

0.02 

26 

0.2,0 

11900 

0.04 

13 

0.20 

7760 

0.04 

13 

0.20 

khco3 

122*00 

0.01 

14 

0.22 

NaCl 

4500 

0.01 

31 

0.2)8 

2)500 

0.02 

18 

0.28 

CuCl 

3000 

0.01 

34 

0.52 

3000 

0.02 

22 

0.34 

i 

3000  . 

0.04 

15.5 

0.24 

! 

5200 

i 

O 

• 

O 

-X 

15 

0.25 

F  THEORY  OF  PROPAGATION  CL'1  A  FUm  IN  HC&iOCSSNCUS  SYSTEMS 

We  have  already  mentioned  that  the  burning  rate  of  homogenous  systems 
depends  on  the  rate  cf  chemical  reactions  in  the  burning  front,  and  on  the 
rate  of  transfer  cf  heat  and  reactive  species  from  the  burning  front  to  the 
uribumt  mixture. 

The  problem  cf  theoretically  calculating  the  burning  rate  requires  the 
combined  solution  of  the  equations  of  chemical  kinetics,  diffusion,  and  heat 
transfer. 
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There  have  been  numerous  investigations  which  have  derived  either  a 
numerical  solution  of  the  previously  mentioned  system  of  equations  for  the 
burning  of  a  particular  mixture,  or  an  approximate  solution  which  not 
infrequently  yields  a  relatively  simple  expression  for  the  burning  rate  of  a 
definite  class  of  mixtures. 

In  discussing  these  approximate  theories  it  is  usual  to  separate  the 
thermal  and  diffusion  theories. 

The  thermal  theory  of  burning  can  be  applied  to  cases  where  there  are 
different  reaction. mechanisms  in  a  flame,  provided  that  the  temperature  and 
concentration  fields  are  similar.  The  diffusion  theory  is  applied  to  cases 
where  there  is  a  chain  reaction  mechanism  in  the  flame,  especially  when  the 
hydrogen  atom  concentration  in  the  reaction  zone  is  large. 

The,  approximate  thermal  theory  of  burning  is  discussed  briefly  since  for 

pin 

the  condensed  systems  only  a  fev/  scattered  attempts  .  have  been  made  to  apply 
either  the  approximate  diffusion  theory^  or  the  numerical  methods  of  solution 
of  the  eanplete  system  of  equations  of  burning,  because  of  the  lack  of 
information  on  the  reaction  mechanism  in  the  flame. 

The  most  widely  applied  of  the  several  approximate  thermal  theories  of 
combustion  is  that  developed  at  the  end  of  the  thirties  and  the  beginning  of 
the  forties  in  the  Institute  of  Chemical  Physics  of  the  Academy  of  Science  of 
the  U.S.S.R.  by  Ya.  B.  Zcldovich  and  D.A.  Prank-Kamenetsky  with  the  active 
participation  of  N.N.  Semenov  (see  Refs. 26,  28,  192,  193)  for  the  burning  of 
gases,  and  which  was  extended  to  the  burning  of  volatile  explosives  (see 
Ref.  4.6  and  also  27). 

In  this  theory  it  is  assumed  that  the  rate  of  reaction  increases 

exponentially  with  tenperature ,  and  that  burning  proceeds  in  a  single  narrow 

zone  in  the  gaseous  phased.  In  practice  the  heat  release  is  concentrated 

2 

over  a  narrow  temperature  range  (of  the  order  of  RT  /E)  near  to  the  maximum 

c 

combustion  temperature. 

^Qualitative  considerations  of  the  possible  effect  of  diffusion  of  the 
active  gaseous  products  during  the  burning  of  anmonium  perchlorate  arc 
contained  in  Rofs.106,  107. 

6 

^Subject  to  considerable  limitations,  this  theory  can  be  applied  also  to 
the  so-called  flamclcs3  burning,  where  the  reaction  proceeds  completely  in  a 
single  narrow  zone  in  the  condensed  phase. 


a 


29 


I 

! 

! 


In  its  simplest  form  the  expression  for  burning  rate  according  to  this 
theory  can  be  written 


m 


2X  6 


max 


RT 


«*.  -  *<P] 


2  E 


(8) 


where  X  =  coefficient  of  thermal  conductivity  of  the  mixture  flowing  into 

-1  -1  -1 
the  reaction  zone,  cal  cm  sec  deg  ; 

6  =  rate  of  heat  release  in  unit  volume  of  the  reaction  zone  with 

max  , 

I  k  I  ,cal  era  0  sec”*  : 
o’  ’ 

q,  =  heat  of  reaction,  cal/graj 

-1  -1 

c  =  mean  specific  heat,  cal  gm  deg  • 

-E-/RT 

In  the  theory  it  is  assumed  that  $nia2C  ~  e  .  The  dependence  of 

^max  0X1  Gcnceirtra‘fcicn  c  °f  the  substance,  and  for  systems  reacting  in  the 
gas  phase,  also  on  pressure,  is  «L0„  k  Cn  for  a  simple  reaction  of  the  nth 
order. 

Substitution  in  (8)  yields* 


m 


or  more  fully 


n+  1 


-E/2BS 

e 


(9) 


(10) 


Several  attempts  have  been  made  to  determine  the 
burning  rate  and  the  combustion  temperature  which  was 


relationship  between  the 
varied  by: 


*In  a  number  of  oases  the  combustion  temperature  depends  on  the  pressure; 
for  example,  at  sufficiently  high  T  ,  when  dissociation  becomes  considerable, 

the  combustion  temperature  increases  somewhat  with  increase  in  pressure. 

This  must  be  considered  when  analysing  the  dependence  m(p). 
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(1)  changing  from  one  mixture  to  another; 

(2)  dilution  of  the  mixture  by  an  inert  component  (for  example,  nitrogen) 
or  an  excess  of  fuel  or  oxidizer; 

(3)  changing  the  initial  temperature  of  the  mixture; 

(4)  removal  of  heat  from  the  zone  of  burning' by  the  cold  burner. 

For  the  first  method  a  single  relationship  between  temperature  and  burning 

rate  has  not  been  discovered,  which  is  to  be  expected  from  (9)  and  (10),  since 

the  values  of  the  activation  energy  can  change  in  going  from  one  mixture  to 

9 

another.  Nevertheless  it  has  been  shown  that  for  definite  groups  of  mixtures 
the  relationship  u(T  )  is  the  same;  for  example,  the  points  for  a  series  of 
hydrocarbons,  alcohols  and  ethers  in  mixtures  with  0^  and  Ng  lie  on  the  same 
curve,  although  this  was  not  constructed  from  equations  (9)  and  (iO). 

The  combustion  temperature  has  been  changed  by  varying  the  initial 
21  22 

temperature  *  .  The  relationship  u(T  )  obtained  was  in  agreement  with 

equations  (9)  and  (10).  The  values  of  the  activation  energy  for  mixtures  of 

22 

air  with  benzene,  n-heptane  and  iso-octane  are  similar  (Table  12). 


TABLE  12 

Values  of  activation  energy  for  the  combustion  of  stoichiometric  mixtures 

in  air  at  atmospheric  -pressure 


Fuel  gas 

E,  kr-al/molo 

Fuel  gas 

E,  kcal/mole 

[10] 

[21] 

[22]* 

[29] 

[10] 

[21] 

[22]* 

[29] 

Hydrogen 

16 

- 

4? ; 

Propane 

26 

33.1 

53 

Acetylene 

20 

- 

- 

w 

Benzene 

27 

43 

- 

Ethylene. 

24 

- 

.50 

n-Heptane 

- 

- 

34 

- 

Methane 

26 

- 

65 

Iso-octane 

- 

- 

3? 

- 

Ethane 

_ 

26 

- 

50 

. .  . 

‘‘•Results  for  mixtures  with  u  • 

max 


(However  a  was  0.95  to  0.97>  and  thus  close  to  a  =  1.) 
umax, 
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The  combustion  temperature  has  also  been  changed  owing  to  the  removal  of 

heat  from  the  flame  by  the  cold  burner^.  In  the  1 300-1 900°K  region  using 

coordinates  In  u,  l/l  ,  the  experimental  points  fall  on  straight  lines  the 

c 

slopes  of  which  yield  values  of  the  activation  energies  depending  wily 
slightly  on  a  (with  the  exception  of  the  mixture  CH^-air)  and  are  approxi¬ 
mately  the  same  for  mixtures  of  acetylene,  ethane,  propane  and  hydrogen  with 
air. 

The  authors  of  the  works  mentioned  emphasize  that  as  a  consequence  of  the 
complexity  of  the  reaction  mechanism  in  the  flame  the  activation  energy  should 
be  regarded  as  a  composite  quantity.  It  is  not  surprising,  therefore,  that 
the  numerical  value  of  the  activation  energy  for  a  given  mixture  can  depend 
markedly  on.  the  method  of  determination.  In  Table  12  are  given  the  values  of 

the  activation  energy  calculated  by  starting  from  the  function  u(f  )  and 

10  c 
also  the  values  obtained  determined  from  the  relationship  between  the 

activation  energy  and  the  temperature  of  burning  at  the  weak  limit.  For  the 

majority  of  fuel  gases  (in  mixtures  with  air)  investigated  ,  the  value  of  the 

activation  energy  lies  within  comparatively  narrow  limits  -  from  25  to  }0 

kcal/mole.  Appreciable  divergence  is  observed  only  for  carbon  disulphide 

(l6  kcal/mole),  hydrogen  (16  kcal/mole)  and  acetylene  (20  kcal/mole). 

The  difference  between  the  data  of  Ref.  10  and  29  is  extraordinarily 
great. 

However,  the  values  of  activation  energy  in  Ref. 29  refer  to  the  range  of 
temperature  1300-1900°K.  It  is  possible  that  for  the  adiabatic  temperature 
(22C0-2500°K  for  the°c  mixtures)  the  value  of  activation  energy  would  be  lower. 
Evidently  30-40  kcal/mole  is  the  usual  range. 

It  is  interesting  to  evaluate  the  order  of  magnitude  of  the  rate  of  heat 
release  (0max)  in  the  combustion  zone.  Such  an  evaluation  is  useful  when 
comparing  various  types  of  flames,  especially  when  investigating  flames  where 
the  combustion  of  a  homogeneous  mixture  and  of  solid  particles  proceeds 
simultaneously  (see  below).  Unfortunately,  the  measurement  of  $max  (from 
the  temperature  profile)  is  associated  with  great  difficulties  and  errors,  and 
in  practice  has  been  achieved  only  at  low  pressures.  It  is  possible  also  to 
evaluate  the  order  of  magnitude  of  using  (8)  and  similar  relationships. 

For  mixtures  of  hydrocarbons  with  air  some  such  evaluations  are  collected 

3  -3 

in  Ref . 30.  At  atmospheric  pressure  the  value  obtained  was  about  10  cal  cm 

-1 

sec  .  Y Iq  note  that  the  evaluation  according  to  (8)  is 
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m2[5(l0  -  T0)]2 

■  •  2X 


(11) 


••2  wj  J  ■ 

where  m  =  0.05  gm  cm"  sec"  ; 

-  .  -1  -.1  . 

c  =0.3  cal  gm  deg  ; 

To  s  2300°K; 

To  =  300°K; 

X  =  4  x  10  k.  cal  an  1  seo"^  deg"”*$  .  , 

E  =  3  x  10^  cal  mole'^j 

then  4max  «  3  x  10"  cal  cm  "  sec  ,  i.e.  thrice  as  high  as  in  Ref.  j0. 


-2 

For  oxygen  mixtures  at  atmospheric  pressure  m  =  0.1  -  0.5  gm  cm  sec 
(see  Table  i).  Taking  Tc  =  3000°K  we  obtain  from  (ll) 

^max  =  1*5  x  10^  **  3*5  *  10"*  cal  cm""^  sec”^.  Ref«12  states  that  the  rate 
of  consumption  of  oxygen  in  the  reaction  zone  of  a  CoH,-0o  mixture  was  found 

T  if  ^ 

to  be  about  4  mole  cm  "  sec"  .  which  yields  a  value  for  4  of  the  order 

5  —3  -1 

of  10  cal  cm  sec  • 


For  an  increase  in  burning  rate  due  to  an  increase  in  nr es sure  4 

'•  max 

increases  in  proportion  to  the  square  of  the  burning  rate  (oce  equation  (l)). 

Thus  at  a  pressure  of  100  atm  absolute,  where  for  mixtures  of  oxygen  with 

2  **2  *1 

hydrogen  or  methane  the  mass  burning  rate  is  of  the  order  10  gm  cm  sec"  , 

the  value  of  i  ,  is  cf  the  order  10*^  cal  cm"^  sec"^. 

'max 


2  COMBUSTION  OF  VOIATHa  EXPLOSIVES 

The  combustion  of  volatile  explosives  takes  place  in  the  gaseous  phase 

♦ 

above  the  suifaco  of  the  charge  and  should  therefore  be  subject  to  the  same 
laws  as  the  combustion  of  homogeneous  gas  mixtures. 

In  fact  the  earliest  and  also  the  most  successful  comparison  of  the 
t.pproximato  thoxmal  theory  of  Ya,  B.  Zeldovich  and  D.A.  Frank-Kamonetsky  (see 
above)  with  experiment  was  made  not  for  gaseous  mixtures  but  for  a  volatile 
explosive^1  -  nitroglyccl  OgNOCHgCHgONO^. 

The  absolute  magnitude  of  the  burning  rate  of  volatile  explosives  and 
ite  dependence  on  pressure  and  initial  temperature  arc  similar  to  these  for 
gaseous  aystemo. 
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It  is  necessary  first  to  emphasize  the  difference  between  the  ccnfcustion 
of  explosive  materials  and  the  combustion  of  gaseous  systems.  These 
differences  are  mainly  concerned  with  the  stability  of  the  combustion  front. 

The  appearance  of  a  disturbed  combustion  front  during  the  combustion  of 
a  gas  mixture  in  a  burner  is  connected  with  the  occurrence  of  turbulence  in 
the  unburnt  gas  stream. 

Correspondingly  the  condition  for  the  stability  of  a  laminar  flame 
coincides  with  the  condition  for  the  stability  of  laminar  flow  in  a  tube, 
i.e.  with  the  condition  R  =  Rvp/n  <  Re  (where  R  is  the  radius  of  the 

tube,  p  the  density  of  the  gas  and  r)  the  dynamic  viscosity  of  the  gas, 
gra  cm  sec  )♦  The  presence  of  combustion  can  change  only  to  a  small  extent 
the  value  of  Recr  (compared  with  flow  without  combustion) .  The  results 
which  have  been  collected  on  the  theory  of  turbulence  can  be  used  to  study 
the  process  of  development  of  disturbances.  The  question  of  the  stability  of 
caribustion  of  a  gaseous  mixture  in  a  tube  or  spherical  bomb  is  a  more 
complicated  problem.  Here  in  particular,  the  effect  of  the  self -turbulence 
of  the  plane  front  of  the  flame  has  also  to  be  considered,  as  predicted  by  the 
theoretician  L.R.  Landau"^2.  However,  under  usual  experimental  conditions 
this  self-turbulence  effect  of  a  gas  flame  is  apparently  unable  to  develop. 

On  the  other  hand  during  the  combustion  of  liquid  explosives  the  self- 
turbulence^  effect  can  arise  very  easily  so  that  laminar^  combustion  of 
liquid  explosives  can  be  observed  only  at  sufficiently  low  pressures. 

^This  effect  was  also  predicted  by  L.D.  Landau‘S  and  was  examined  in  a 
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slightly  different  setting  by  V.G.  Lcvich  .  In  Ref.  34  some  results  of  the 

theory  of  Landau  are  discussed. 


Q 

In  the  combustion  of  condensed  Systems  a  terminology  has  not  yet  been 
established  to  designate  undisturbed  and  disturbed  caribustion.  For  the  first 
are  used  the  terms  'stationary  combustion',  'stable  combustion',  'normal  flame 
propagation',  'laminar  combustion'  and  for  the  second  ' non-stationary  combus¬ 
tion',  ' unstable  combustion' ,  'turbulent  combustion* ,  'disturbed  combustion' , 
'convective  combustion*  etc.  To  describe  the  transition  from  the  first 
regime  to  the  second  are  used  the  terms  'breakdown  (or  disruption)  of  the 
stable  regime  of  combustion',  'transition  of  combustion',  'penetration  of 
burning  below  surface  of  the  charge' ,  etc. 
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The  burning  of  liquid  explosives  is  stable^  only  at 


m  <  m„ 
cr 


where 


,  ,  2  2? 
/**  g  h  p«\ 

\  Pe“Pg  ) 


(12) 


Here  a*  is  the  surface  tension  of  the  liquid  (at  the  temperature  attained  on 

the  surface  of  the  burning  liquid)  dyn  cm  ,  g  the  acceleration  of  gravity 

-2 

cm  sec  and  p^,  the  densities  of  the  liquid  and  it3  gaseous  ccsahusticft 
products  respectively. 


The  applicability  of  equation  (12)  as  a  criterion  for  the  stability,  of 

combustion  of  liquid  explosives  was  investigated  in  detail  by  K.K.  Andreerv. 

The  values  of  mcr  calculated  by  him  from  (12)  for  methyl  nitrate  H^C-O-HOg 

yf&a  0.32  gm  cnf^  sec”1  end  for  nitroglycol  0,38  gm  cm  seo  \  The  experi- 

—2 

mental  values  of  m  for  methyl  nitrate  lie  between  0.26  and  0.2*6  gm  cm 

— ^  —2.  •.*) 
sec  ‘  (at  about  1.75  atm  abs)  and  for  nitroglycol  are  about  0.90  gm  cm  sec. 

(at  about  20  atm)^.  The  transition  to  disturbed  combustion  is  accompanied 

by  the  strong  dependence  of  u  on  p  (Refs. 36,  37)  • 

For  solid  explosives  the  disruption  of  laminar  combustion  (for  a  certain 

critical  pressure  pcr)  is  connected  with  the  appearance  of  gaseous  products 

of  combustion  in  the  pores  of  the  uribumt  substance  (see  Refs. 35,  198,  199, 

230,  etc).  The  value  of  p  decreases  with  increase  cf  the  porosity  of 

the  charge  and  for  a  given  porosity  with  increase  in  size  of  the  crystals  of 

the  substance  (since  in  this  way  the  diameter  of  the  pores  increases  although 

tlie  number  of  them  decreases).  The  presence  of  a  liquid  film  on  the  surface 

of  a  charge  produces  an  increase  in  p  .  If  there  is  the  possibility  of  the 

explosive  cracking  in  the  process  of  canbustion  (under  the  influence  of 

thermal  stresses^),  disruption  of  laminar  combustion  can  occur  in  those  cases 
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where  the  cold  material  was  monolithic  .  A  trivial  cause  of  the  disruption 
of  laminar  combustion  can  be  the  penetration  of  products  into  the  gap  (even 
the  mo3t  insignificant  amount  so  long  as  it  takes  place)  between  the  charge 
and  the  coating‘s. 


4tt  is  necessary  to.  use  a  coating  (or  grease)  because  a  flame  can 
propagate  along  the  free  surface  (boundary  with  the  gas)  of  the  charge  with 
a  velocity  considerably  higher  than  the  noxmal  rate  of  burning.  This  arises 


from  the  charge  being  surrounded  by  its  gaseous  combustion  proiucts 


38,39 


« 


35 


A  ABSOLUTE  MAGNITUDE  OF  BURNING  RATE 

The  number  of  investigations  devoted  to  the  combustion  of  explosives  is 
considerably  less  than  for  gas  systems.  However,  whereas  for  gas  systems 
almost  all  the  data  are  obtained  for  p  <  1  atm  abs,  for  condensed  systems 
almost  all  the  investigations  relate  to  high  pressures,  and  seme  were  carried 
out  at  pressures  up  to  1000-10000  atm.  This  is  connected  mainly  with 
practical  considerations;  for  ballistite  powders  used  in  gun  propellents, 
the  working  pressure  is  of  the  order  of  10"^  atm  and  for  solid  rocket 
propellents  -  several  tens  of  atmospheres;  ard  high  pressures  can  be 
developed  during  the  combustion  cf  explosives  with  various  coatings,  etc. 
Apart  from  thi3,  experimentally  it  is  very  much  easier  to  work  with  condensed 
systems  at  high  pressures  than  with  gaseous  systems. 

Data  are  given  for  the  burning  rate  of  a  series  of  explosives  in 
Table  13. 


volatile  explosives 


♦♦Our  data 
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All  these  substances  contain  NOg  groups  in  the  molecule.  According  to 
current  ideas,  in  the  decomposition  of  a  molecule  of  explosive  the  NOg  groups 
split  off  and  subsequently  react  ydth  the  hydrocarbon  fragments  of  the 
molecule.  .  . 

One  naturally  expects,  therefore,  that  the  mass  burning  rate  of  volatile 
explosives  will  be  similar  to  the  mass  burning  rate  of  gaseous  mixtures  based 
on  NOg.  In  fact  at  atmospheric  pressure  such  a  correspondence  exists  (cf. 
Tables  2  and  13).  High-pressure  data  for  gaseous  mixtures  exist  only  for 
Hg-NO  mixtures  (see  Table  A). 

In  addition  to  the  correspondence  between  the  burning  rates  (at  atmos¬ 
pheric  pressure)  the  similarity  between  volatile  explosives  containing  NOg 
groups  and  gaseous  mixtures  based  on  oxides  of  nitrogen  is  shoY/n  by  the  presence 

of  two  combustion  zones  (Fig. 7) .  In  section  1,A  it  was  noted  that  in  the 

% 

flame  cf  gaseous  mixtures  based  on  NOg  the  decomposition  NOg  NO  +  0.50g  and  the 
reaction  of  oxygen  with"  the  fuel  occurs  in  the  first  zone  and  the  reaction  of 
NO  with  the  fuel  in  the  second  zone.  A  similar  phenomenon  is  observed  during 
the  edribustibn  of  explosives  containing  NCg  groups.  The  distance  A  between 
the  two  zones  can  be  considerable  (for  example  for  nitroglycol  at  12  atm 
A  ~  1.8  cm^)* 

A  decreases  rapidly  with  increase  of  pressure.  In  photographs  tho 
first  flame  is  a  narrow  strip  of  low  luminosity  end  the  second  flame  is  very 
bright. 

The  question  of  multistage  combustion  is  considered  in  section  IOj  here 
it  is  noted  only  that  if  the  distance  between  tho  neighbouring  zones  is  large 
(millimeters  or,  still  more  so,  centimeters),  then  in  practice  only  the 
reaction  zone  nearest  to  the  unbumt  mixture  has  an  effect  on  the  burning  rate. 
Consequently  if  a  connection  is  being  sought  between  the  burning  rate  and  the 
combustion  temperature,  the  final,  (equilibrium)  combustion  temperature  should 
not  be  used.  Consequently  it  is  neoessary  to  introduce  the  concept  of  the 
effective  combustion  temperature 

Teff  is  evaluated  in  Ref. 47  by  two  different  methods: 

(l)  T^  is  calculated  according  to  equation  (7)  (for  T^  =  T^j,), 
starting  from  the  experimental  value  of  the  temperature  coefficient  0  and 
the  empirical  value  of  the  activation  energy  E  =  37  kcal/mole,  which  was 
chosen  on  the  basis  of  theimal  decomposition  data  and  also  of  data  on  the  bond 
energy  RO-NOg. 


(2)  Te££  was  measured  by  means  of  a  thermocouple  and  was  taken  to  be 
the  temperature  where  a  plateau  cr  a  decided  change  of  curvature  was  observed 
on  the  oscillograph. 

Approximate  values  ccf  the  equilibrium  combustion  temperature  Tg  are 
given  in  Ref  s.  2*2  and  47*  In  the  present  case  the  approximate  nature  of  the 
evaluation  Teff,  and  of  the  calculation  of  Tg  is  not  particularly  signifi¬ 
cant  since  the  main  conclusion  is  that  the  value  of  T^.  is  considerably 
lower  than.  3?  (Table  14). 


TABU!  14 

Value  of  equilibrium  and  effective  combustion  temperature 
for  a  series  of  volatile  explosives 


^eff* 

ck47 

X  ,  V7 

e* 

Explosive 

p,  atm 

Calculated  by 
equation  (15) 

Experimental 

(thermocouple) 

Nitroglycol 

1 

1390 

12£0 

32*00 

5 

- 

1600 

Tetryl 

1 

1470 

12*00 

■ 

1 

5 

- 

1500 

10 

- 

1600 

2800 

20  1 

1630 

- 

2800 

Nitroglycerine  (gelatinized) 

1 

1350 

- 

3300 

Methyl  nitrate  j 

1 

1180 

i 

3200 

Cyclcnite  (RBX) 

1 

1700 

1  : 

1 

■ . .  '  . . — . 

3300 

However,  substances  with  a  high  equilibrium  (thermodynamic)  combustion 
temperature  can  have  a  higher  value  of  than  substances  with  a  low  value 

of  T  .  Thus  a  correspondence  can  be  observed  between  the  burning  rate  and 

6  jo 

the  equilibrium  combustion  temperature.  Such  a  correspondence  was  observed^ 
in  the  series  trotyl  (TNT),  picric  acid,  tetryl,  cyclonite,  but  not  for  EETN 
(pentaerithritol  tetranitrate)  and  dynamite  (Tabic  15) • 
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However  calculations  of  the  activation  energy,  using  formula  (10)  and  assuming 
that  T  =  T  for  the  series  of  substances,  gave  excessively  high  values 
100-150  kcal/mole  instead  of  the  usual  30-50  kcal/mole. 

It  is  possible  that  for  gaseous  mixtures  based  on  oxides  of  nitrogen 
there  is  no  correspondence  between  the  burning  rate  and  the  equilibrium 
combustion  temperature  since  the  second  (high  temperature)  zone  has  little 
effect  cm  the  burning  rate. 

B  IEPSNDENCE  OF  BURNING  RATE  ON  PRESSURE 

For  all  the  volatile  explosives  studied,  the  burning  rate  increases 
monotonically  with  increase  of  pressure.  Moreover  for  the  most  volatile 
explosives  the  function  u(p)  shows  a  dependence  close  to  direct  propor¬ 
tionality  (Table  1 6)(. 

For  condensed  systems  as  well  as  for  gaseous  mixtures  an  approximation 
is  made  to  the  real  curve  m(p)  or  u(p)  by  using  a  function  of  p  with 
exponent  v 

m  ■=  pu  ~  u  =  bpV  (2) 

(where  p  *  f(p)  is  the  density  of  the  initial  condensed  system).  However 
in  the  literature  two-term  formulae  of  the  following  form  are  often  used 


a  +  bp 

(2’) 

,  V 

a  +  bp  . 

(2'«) 

Obviously  formulae  (2)  and  (2* )  are  special  cases  of  formula  (2")  (correspond¬ 
ing  to  a  =  0  and  v  -  1  respectively). 


S|  I 

I 


a 

i  i  & 
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In  practice  the  two-tern  formulae  (2* )  and  (2*  * )  can  relate  experimental 
results  over  a  much  wider  range  of  pressures  than  the  corresponding  single- 
term  (a  =  0)  formulae  (compare  No.  13  with  14>  1 5  and  16  with  17,  18, 

Table  16).  The  single-term  formula  (2)  can  be  used  as  successfully  by 
dividing  the  whole  range  of  pressure  into  the  necessary  number  of  portions, 
since  such  a  form  of  dependence  u(p)  follows  from  the  theory  of  Zeldovich 
and  Frank-Kamenetsky.  Moreover,  it  is  shewn  in  section  15  that  only  formula 
(2)  is  suitable  for  calculating  the  pressure  in  the  combustion  chamber  of  a 
rocket  motor  with  solid  fuel.  Further,  an  analysis  of  the  literature  data 
shows  that  in  some  cases  two- term  formulae  (2*)  and  (2*  * )  were  used  without 
sufficient  foundation  and  these  same  data  could  with  the  same  degree  of 
accuracy  be  approximated  using  the  single-term  formula  (2)  over  the  same  (or 
even  a  wider)  pressure  range.  Thus,  for  example,  in  Fig. 8,  where  the  expert- 
mental  points  for  cyclcnite  (RDX)  and  dynamite  are  plotted  in  log  m,  log  p 
coordinates,  the  full  lines,  constructed  according  to  formula  (2),  give  a  much 
better  approximation  for  the  data  at  low  pressures  (including  at  p  =  1  atm  abs) 
than  the  dashed  lines,  constructed  from  the  two-term  formula  (2'),  used  in 
Ref.  2^2. 

The  data  given  in  Table  16  shew  that  at  high  pressures  (>  100-200  atm) 
the  value  of  the  exponent  v  (in  the  formula  u  =  bpV)  is  very  close  to 
unity  (except  for  cyclonite  v  «  0.82).  The  value  of  v  is  also  close  to 
unity  for  oxygen  gas  mixtures  and  also  for  a  Hg-NO  mixture  (see  section  1,0). 
This  coincidence  i3  unlikely  to  be  accidental.  The  presence  of  the  relation¬ 
ship  m  oc  p  is  usually  regarded  as  a  strong  argument  in  support  of  the  idea 
that  the  rate-ccntrolling  step  in  the  combustion  zone  is  a  bimolecular 
reaction. 

However  for  picric  acid,  trotyl  (TNT)  and  tetryl  the  relationship  u(p) 
is  almost  a  direct  proportion  in  the  high  pressure  range  and  shows  much  less 
dependence  on  p  at  •medium'  pressures  (for  tetryl  at  200-950  atm  v  =  1, 
but  at  10-200  atm  v  a  0.7).  In  other  words  if  the  burning  rate  falls  rapidly 
at  high  pressures  with  decrease  in  pressure,  then  at  'medium'  pressures  it 
falls  more  slowly  and  the  experimental  points  will  be  further  ana  further 
above  the  straight  lino  m  =  bp  corresponding  to  high  pressures.  Such  an 
increase,  relative  to  the  straight  line  m  =  bp,  in  burning  rate  is  possibly 
connected  with  the  effect  studied  in  Ref. 201.  It  was  shewn  there  that 
addition  of  5$  of  finely  ground  wood  charcoal  increases  the  burning  rate  of 
EETN  at  12-80  aim,  tho  increase  being  greatest  at  the  lowest  pressure. 


The  exponent  v  is  correspondingly  reduced  (for  pure  ESTN  v  =0.95  and  for 
E8TN  with  5%  wood  charcoal  v  =  0.60  to  0.65).  During  the  combustion  of 
explosives  with  high  fuel  excess  (especially  trotyl  (TNT))  a  great  deal  of 
soot  is  formed  in  the  combustion  zone,  which  may  result  in  reduction  of  v, 

C  DEPENIENGE  OP  BURNING  RATE  ON  INITIAL  TEMPERATURE 


As  the  initial  temperature  T  is  increased  the  burning  rate  of  con¬ 
densed  explosives  rises  monotonically*  Thus, -as  .for  gaseous  mixtures,  the 
relationship  u(Tq)  or  m(TQ)  may  be  characterized  by  the  formula^ 


-E/2RT 


u  <*  m  «  e 


where  Tq  =  f(TQ).  '  For  condensed  explosives  usually  Tq  =  Te^  <  (3ee 
section  2, A)  and  therefore  the  form  of  the  function  Tq  =  f(T  )  cannot  be 
established  by  general  considerations. 

This  difficulty  may  be  avoided  by  using  the  dependence  of  u  directly 
on  T  although  naturally  such  a  dependence  does  not  afford  3uch  a  clear  cut 
physical  meaning  as  that  of  equation  (13).  Thus  is  Ref.  35  the  relationship 
used  is  in  the  form 


-  =  a  -  bT- 
u  o 


The  function  u(Tq)  is  also  expressed  in  terns  of  the  ratio  of  the 


burning  rates 


xA 


for  given  initial  temperatures  and  of  the  tempera¬ 


ture  coefficient  P  =  d  In  u/dT  ~  (3  =  d  In  m/dT  . 

u  c  m  o 


Over  small  intervals  the  experimental  points  arc  often  equally  satis¬ 
factorily  grouped  about  a  straight  line  whether  the  coordinates  l/u,  Tq  (as 
required  by  equation  (l  A)  or  the  coordinates  log  u,  TQ  (which  correspond  to 
a  certain  constant  value  f3  =  d  In  u/dT  (Fag.  9))  are  used. 


^For  most  explosives  the  function  p(T)  has  not  been  determined,  but 
there  is  r.c'  foundation  for  concluding  that  there  is  a  stronger  temperature 
dependence  than  for  ordinary  solid  and  liquid  substances  (the  coefficient  of 

volumetric  expansion  of  solid  bodies  is  10” ^  degree"*  and  of  liquids  10~ ^ 

degree”^).  Hence  in  the  temperature  interval  0-100-200°C  p  can  be  taken 
as  constant,  and  thus  the  temperature  coefficient  of  linear  and  mass  burning 
rate  will  be  the  same. 


When  the  interval  is'  increased,  i'c  has  to  be  divided  into  several 
portions  and  the  real  relationship,  u(Tq),  has  to  be  approximated  separately 
for  each  portion  which  not  infrequently  results  in  the  appearance  of  a  variety 
of  types  of  inflection  and  discontinuity  which  scarcely  exist  experimentally. 
The  values  of  the  temperature  coefficient  for  a  series  of  volatile  explosives 
are  given  in  Table  17. 


TABLE  17 

Value  of  temperature  coefficient  for  linear  burning  rate 
0  =  d  In  u/dTQ  for  a  series  of  volatile  explosives 


Substance 

p,  atm  abs 

a 

Ref. ' 

Temperature, 

°C 

Nitroglycol 

w 

31 

20-183 

4.8 

35 

20-95 

Nitroglycol.  gelatinized 
(}fo  collodion) 

6.5 

35 

10-95 

Nitroglycerine,  gelatinized 
(3%  collodion) 

5.7 

35 

0-100 

Methyl  nitrate 

7.1 

35 

0-52.8 

Diglycoldinitrate 

6.0 

35 

19-95 

Trotyl  (TOT) 

3.75 

n 

20-70 

Cyclonite  (EDX) 

3.2 

20-70 

Tetryl 

^  3 

B 

20-70 

3.5 

MM 

20-70 

Prom  comparison  of  Tables  17  and  9  it  can  be  seen  that  for  explosives 
the  temperature  coefficient  0  »  0  is  about  2-3  times  larger  than  0  for 
gas-air  mixtures.  This  is  in  good,  agreement  with  the  ideas  expounded  in 
section  2, A  namely,  that  for  volatile  explosives  containing  NO 2  groups  combus¬ 
tion  takes  places  in  at  least  two  stages  and  only  the  first  of  these  (the  low- 
terrporature  stage)  has  any  significant  effect  on  the  burning  rate. 

As  has  already  been  noted  in  section  2, A  it  was  proposed  in  Refs. 45,  47 
that  the  tenperature  coefficient  could  be  used  for  evaluating  the  effective 
temperature  in  the  zone  which  determines  the  burning  rate.  For  this 
formula  (7)  was  used 


Pu  =  E/2KD*  .  E/SKT^.  , 

hence 


Thus  this  problem  .is  the  inverse  of  that  solved  in  section  1,E.  There, 

assuming  that  the  temperature  in  the  zone  determining  the  burning  rate  is 

equal  to  the  thenoodynamio  temperature,  the  function  u(T_)  was  used  to 

calculate  the  activation  energy.  For  volatile  explosives  the  function 

u(T  ),  where  T  =  f(T  ),  cannot  be  used  for  calculating  the  activation 
c  c  o  ... 

energy  since  it  is  not  clear  how  T  ^ ,  which  determines  the  burning  rate, 
changes  as  T  changes.  Thus  in  Ref.  47  the  activation  energy  was  taken  as 
known  in  the  formula  analogous  to  (7)  and  Tq  =  Te^  =  f(0)  was  calculated. 

In  studying  the  combustion  of  condensed  systems  it  is  customary  to 
assume  that  the  activation  energy  for  reactions  taking  place  in  the  combustion 
zone  (T  >  1000-1 500°C)  is  the  3ame  as  for  slow  thermal  decomposition  at 
T  a  100-300°C. 

This  assumption  is  completely  unsupported.  However  from  section  1  it 
can  be  seen  that,  for  the  ocmbustion  of  gases,  attempts  to  determine  the 
activation  energy  for  reactions  in  the  combustion  zone  give  such  a  wide  range 
of  values  of  E  that  the  choice  of  a  particular  value  appears  very  arbitrary. 
Therefore  for  gaseous  as  well  as  for  ocndensed  systems  one  has  to  take  the 
activation  energy  in  equations  (9),  (10),  and  (7)  as  some  empirical  constant. 
The  most  probable  value  of  E  for  the  combustion  of  gaseous  mixtures  is 
30 -2)0  kcftl/mole. For  volatile  explosives  the  data  for  slow  thermal 
decomposition  give  values  for  the  activation  energy  in  the  range  30-60  koal/ 
mole  and  usually  35-^5  kcal/mcle  (Table  18). 


TABLE  18 


Values  of  activation  energy  from  data  on  thermal  decomposition 

35 

for  some  volatile  explosives  " 


Substance. 

kcal/mole 

— 

Temperature, 

°C 

Methyl  nitrate 

39.5 

212-239 

Nitroglycol 

39 

85-105 

Nitroglycerine 

¥>.3 

75-105 

1+2.6 

90-125 

45.0 

125-150 

50.0 

1513-190 

3STN 

¥7.0 

160-225 

EETN  in  solution 

39.5 

171-238 

Trotyl  (TNT) 

53.5 

220-270 

Cyclonite  (EDX) 

¥7.5 

213-299 

Cyclonite  (RLX) in  solution 

¥1.0 

Tetryl,  liquid 

60.0 

129.9-138.6 

38.  ¥ 

211-260 

Tetryl,  solid 

52.0 

- 

5o.  6 

1 

- 

It  is  also  significant  that  in  assessing  the  value  of  from 

(15)  an  error  in  the  activation  energy  has  a  relatively  very  small 
effect  on  the  value  of  ,  since  the  activation  energy  appears 

under  the  square  root.  From  section  2, A  it  can  be  seen  that  for 

nitroglycol  and  tetryl  the  value  of  T^^  calculated  fi'om  (15)  with 
E  =  37  kcal/mole  is  in  good  agreement  with  the  temperature  of  the  first 
flame  measured  by  a  thermocouple  (see  section  2, A). 

If  equation  (13)  is  not  used  for  the  mass  burning  rate,  but 
instead  the  more  complete  expression  (type  (10)),  then  (7)  is  replaced 
by 


5 


n  +  2 
+  2T 

c 


where  n  is  the  order  of  the  reaction.  Correspondingly  for  the  same 
value  of  P  the  value  of  TQf,f  will  bo  higher  than  that  from 
equation  (7) : 


kfi 


m  „  m  .  H  t  2 

T6ff(7')  ~  eff(7) 

However  such  a  refinement  of  has  no  real  significance,  since  the  ccaa- 

6x  X 

«ept  of  effective  temperature  is  approximate*  In  reality  formula  (15)  can 
simply  "be  regarded  as  the  definition  of  effective  temperature.  In  this  case 
the  question  of  increased  accuracy'  is  irrelevant. 

D  DEPENDENCE  OP  BURNING  RATE  ON  DENSITY 

The  turning  rate  (u,  nn/sec)  of  solid  explosives  can  depend  on  the 
relative  density  of  the  specimen  6  =  p/p^y  where  p  is  the  actual  density 
of  a  particular  specimen,  and  pmfly  the  maximum  possible  density  of  this 
specimen.  The  form  of  the  curve  u(S)  depervis  cn  the  conditions  in  which 
the  reaction  takes  place  and  on  the  presence  of  heat  losses.  Let  us 
enumerate  a  few  individual  cases: 

(1)  If  the  reaction  takes  place  in  the  ga3  phase  and  there  are  no  heat 
losses,  the  mass  burning  rate  u6  =  const  *  f(6). 

(2)  In  the  same  conditions  but  in  the  presence  of  heat  losses  u6 
decreases  proportionally  as  5  decreases. 

(3)  If  the  reaction  takes  place  in  the  condensed  phase  and  the  value 

of  6  does  not  change  in  the  preheating  zone  upstream  of  the  reaction  zone, 

then  in  the  absence  of  he  a';,  losses  u6  «  Vx  6n,  where  X  is  the  conductivity, 
-1  ”1 

oal  cm  deg  ,  and  n  is  the  order  of  the  reaction.  In  particular  for 
n  =  1  and  X  «  6  wo  obtain  u6  «  6» 

(4)  In  the  presence  of  heat  losses  (for  the  conditions  given  in  (3)) 
the  decrease  of  u6  proceeds  more  rapidly  as  5  decreases. 

(5)  If  the  reaction  takes  place  in  a  melt  where  6=1,  then  the 
conditions  indicated  in  (l)  and  (2)  occur. 

The  above  statements  (l)-(5)  are  correct  in  the  absence  of  the  infusion 
of  molten  substance  or  heated  ’as  into  the  pores  of  tho  unbumt  substance, 
i.c.  in  the  absence  of  convective  heat  transfer  from  the  conbustion  zone  to 
the  unbumt  substance.  On  the  other  hand  if  such  an  infusion  takes  place 
(usually  in  regions  of  small  6) ,  the  product  u6  can  increase  with  decrease 
of  6. 


I 


kl 


Thus  the  dependence  u(6)  is  of  great  theoretical  interest,,  hut  it3 
interpretation  is  rather  complex.  The  dependence  u(6)  has  been  studied 
experimentally  mainly  in  connection  with  the  quenching  of  laminar  burning 
resulting  from  the  infusion  of  caribusticn  products  into  the  pores  of  the 
charge.  Much  less  attention  has  been  given  to  the  question  of  the  dependence 
u(6)  for  a  range  of  6  where  binning  is  laminar. 


TABLE  19 

Dependence  of  mass  burning  rate  of  volatile  explosives 
on  the  relative  density  of  the  charge 


Substance 

Initial 

size  o f 
particle  of 
explosive 

p» 

atm 

n(8) 

Ref. 

6 

0.49 

m 

0.56 

0.62 

0.64 

- 

- 

Tetryl 

1 

n,  gn  cm-2  sec”1 

0.060 

0.065 

0.065 

0.062 

0.0 66 

0.064 

I 

■ 
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Cyclonite 

1 

8 

0.38 

0.46 

0.47 

0.56 

0.58 

0.635 

0.645 

48 

(PDX) 

-2  -1 

n,  g»>  ccr^  sec 

0.040 

0.045 

0.047 

0.048 

0.048 

5 

0.50 

. 

0.51 

0.66 

0.73 

0.88 

- 

- 

PP.TW 

D  H 

* 

_i 

-2  -1 
m,  gra  cm  sec 

0.99 

0,85 

0.86 

0.88 

0.99 

200 

6 

0.60 

0.82 

0.86  i 

_  __  j 

0.90 

- 

- 

m 

m 

M 

t 

- 

- 

In  Table  19  data  are  given  on  the  dependence  of  the  mass  burning  rate 
on  the  relative  density  for  three  volatile  explosives  -  tetiyl,  cyclonite 
(KDX)  and  H5TN.  For  tetryl  and  EETN  the  mass  burning  rate  remains  practically 
constant  for  changes  in  6  within  the  limits  of  the  scatter  of  results^. 

For  cyclonite  (RDX)  a  small  increase  of  m  with  increase  of  8  can  be 
observed.  At  the  beginning  of  this  section  it  was  observed  that  this  effect 
is  quite  general.  This  is  related  to  the  fact  that  the  heat  emission  per 

_  ^For  EETN  the  mass  burning  rate  for  laminar  burning  is  also  independent 
of  the  particle  size  of  the  original  material  from  which  the  charge  is  pressed, 
ihis  result  seems  quite  reasonable.  Later,  however,  we  shall  see  that  in  the 
combustion  of  pure  NH^CIO^  the  burning  rate  can  depend  to  a  considerable 

extent  on  the  particle  size  of  the  original  material. 
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unit  volume  increases  in  proportion  to  6,  but  the  heat  losses  are  almost 
independent  of  6. 

Data  on  the  burning  rate  of  octcgen  (HMX)  taken  from  Ref .200  are 
presented  in  Table  20. 


TABLE  20 

Values  of  the  mass  burning  rate  of  ootogen  (HMX)  for  two  values 
of  6  at  different  -pressures 


Pressure, 

-2  -1 
.  m,  gm  cm  sec 

j 

|  Pressure, 

m,  gm  onf 

•2  -1 
sec 

atm 

6  =  0.54 

6  =  0.8?- 

rta 

i 

8;.=  0.54 

6  =  0.87 

12,6 

0.i*8 

'  0.2*9 

154 

3.31 

3.91 

27*2 

0.88 

- 

205 

5.13 

5*20 

52 

1.43 

1.2*8 

1 

t 

Thus  again  m  is  practically- independent  of  6. 

3  .LAMINAR  DIFFUSION  FLAME  D0BIN&  THE  COMBUSTION  OP  A.  GAS  OR  LIQUID 

■  Diffusion  flames  of  a  gas  (or  of  ah  atomized  solid  or  liquid  fuel)  are 
widely  used  in  industrial  furnaces..  The  study  of  diffusion  flames  is  also 
of  interest  in  developing  methods  of  dealing  with  fire's  in  "petroleum  storage 
tanks,  etc.  Although  in  most  industrial  cases  turbulent  diffusion  flames  are 
concerned,  a  considerable  scientific  research  has  been  made  into  laminar 
diffusion  flames  which  are  more  amenable  to  theoretical  analysis  and 
laboratory  investigations .  For  condensed  mixtures,  where  the  particle  sizes 
of  the  components  are  small,  only  laminar  diffusion'  flames  are  relevant. 

A  DIFFUSION  BURNING-  OF  A  JET  OF  FUEL  GAS 

During  the  flow  of  a  jet  of  fuel  gas  into  a  parallel  stream  of  air  (or 
into  ambient  air)  canbustion  begins  at  the  edges  of  the  jet*'.  Oxygen 
diffuses  into  the  flame  through  a  layer  of  combustion  produces.  When  the 
flame  approaches  the  axis  of  the  jet  cf  gas,  burning  ceases.  A  simple 
expression  for  the  height  h  of  the  diffusion  flame  can  bo  obtained  from 
equilibrium  considerations 

^It  is  essential  to  note  that  the  diffusion  flame  cannot  approach  the  rim 
of  the  burner  because  of  the  occurrence  of  heat  transfer  to  the  burner.  More¬ 
over  the  interdif fusion  of  the  oxidizer  and  fuel  starts  inside  the  burner. 

Hence  near  to  the  top  of  the  burner  combustion  is  taking  place  in  a  homogeneous 
mixture,  and  diffusive  burning  starts  further  domstroam*  Although  the  region 
cf  homogeneous  combustion  is  small,  it  is  most  significant  in  stabilizing  tho 
diffusion  flame12. 


where  v  is  the  velocity  of  the  gas,  R  is  the  radius  of  the  jet  of  fuel 
gas,  and  D  is  the  diffusion  coefficient  for  the  oxidizer  diffusing  through 
the  combustion  products.  It  is  not  difficult  to  obtain  a  more  canplete 
formula  for  the  height  of  the  flame  using  sane  simple  approximations 


where  k  is  the  number  of  grams  of  oxidizer  required  to  oxidize  1  gram  of 
fuel,  Pg  is  the  density  of  the  fuel  gas,  gn/cm^  and  C  is  the  concentra¬ 
tion  of  oxidizer  at  a  great  distance  from  the  flame,  gw/cm^.  In  accordance, 
with  (17)  the  height  of  the  flame  decreases  with  increase  of  C  ,  resulting 
for  example  from  a  change  from  air  to  oxygen*.  Obviously  equations  analogous 
to  (16)  and  (17)  can  be  used  to  find  the  height  of  the  flame  for  the  case 
where  a  jet  of  oxidizer  flows  into  the  fuel  gas.  Experimental  data  show  that 
the  thickness  of  the  reaction  zcne  in  diffusion  flames  is  considerably  greater 

than  in  homogeneous  mixtures  and  at  1  atm  abs  it  can  have  a  value  up  to  1  cm 

12 

for  condensed  mixtures  and  several  millimeters  for  air  mixtures  »  Corres¬ 
pondingly  the  rate  of  emission  of  heat  per  unit  volume  of  the  reaction  zone 

decreases.  Thus,  for  the  diffusion  flame  CH. -CL,  the  consumption  of  oxygen 

—5  -3  -1  £  -3  _-| 

amounts  to  ~6. 10  mole  cm  sec  and  6  ~10‘  cal  cm  sec  whereas  in 

max  _3 

the  homogeneous  mixture  CH.-CL  the  corresponding  values  are  4  mole  cm  J  sec 

5  -3  1  ^ 

and  ~4.10  cal  cm  sec  . 

Vfe  will  now  examine  how  well  the  approximate  formulae  (l  6)  and  (17)  fit 
the  experimental  observations.  It  follows  from  these  fomalae  that,  other 

conditions  being  the  same,  the  height  of  a  flame  is  proportional  to  the  volu- 

2  3  2  2  1 

metric  consumption  v  R  cnr/sec  (or  mass  consumption  p  v  R  gm  cm~  sec"  ) 

~2  So 

of  fuel  gas.  Consequently  h/v  R  should  be  independent  of  v  R*'.  The 

23 

data  of  Burke  and  Schumann  for  a  diffusion  flame  of  methane  in  air  are 
presented  in  Table  21. 

*In  diffusion  flame  research  the  burning  rate  is  generally  not  calculated, 
although  it  can  be  dotcimined  as  the  discharge  of  gas  through  a  ring  element 
of  the  conical  surface  of  the  flame  divided  by  the  area  of  this  element.  How¬ 
ever,  the  burning  rate  determined  in  this  way  would  not  be  a  constant  for  the 
mixture,  but  would  depend  on  the  diffusion  coefficient  for  the  oxidizer 
diffusing  through  the  combustion  products  and  on  the  diameter  of  the  burner. 
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TABLE  21 

Dependence  of  height  of  diffusion  flame  of  methane  in  air  an  the 

p  p  X 

volumetric  consumption  (ftR^v)  of  methane  ^ 


Consumption 
of  methane, 
l/hr 

h,  cm 

h/rcR2  v 

Consumption 
of  methane, 
1/hr 

h,  cm 

h/xR2  v 

6i*.6 

25.1 

0.389  . 

28.3 

11.3 

O.lfi 

53.  If 

22.9 

0.392 

21.2 

8.6 

0.i*05 

2*6.  if 

18. 4 

0.396 

10.7 

3.1 

0.29 

37.1 

lit.8 

0.i*0 

It  follows  from  Table  21  that,  for  a  threefold  decrease  in  volumetric 

p 

consumption,  the  quantity  h/vR  remains  practically  constant  and  will 
decrease  to  any  significant  extent  only  for  a  sufficiently  small  value  of 
vR2. 
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The  data  of  Wohl,  Gaz'ley  and  Kapp  for  a  diffusion  flame  of  town  gas  in 
air  show  that  the  length  of  flame  h  for  constant  volumetric  flow  which  varied 
from  1  to  100  cm'/'sec  does  not  depend  an  the  diameter  of  the  burner  over  the 
range  ip-10  mm.  This  is  in  agreement  with  formulae  (l6)  and  (l?). 


From  formulae  (l 6)  and  (17)  it  follows  that  h  ce  l/D.  For  flames  of 
H2  in  air  and  CO  in  air  h^/h^^  a  2.5  whereas 

I/Dqq  Cp  1 1/D  co  =  0.55/0.157  =  4  (the  diffusion  coefficients  are 

fci  c.  2 

taken  frcm  the  data  of  Hirschf elder;  T  =  273°K). 


Formulae  (16)  and  (17)  also  show  that  h  does  not  depend  on  the  pressure 

for  constant  volumetric  flow,  calculated  under  standard  conditions  (i.e. 

1  atm  aba  and  273  K).  Thi3  can  be  seen  particularly  clearly  from  (17),  where 
2 

for  p  vR  =  const  *  f(p);  C  ~  p;  D  ~  i/p  and  ccirespcndingly  h  *  f(p). 

O 

This  result  was  confirmed  experimentally  by  Burke  and  Schumann  for  CH,  flames, 
but  only  for  a  very  narrow  pressure  range  (1-1.5  atm). 


B  BURNING  OF  A  LIQUID  FUEL  V/ITH  A  FREE  SURFACE 

Let  us  consider  the  diffusion  burning  of  a  liquid  poured  into  a  cylindri¬ 
cal  vessel.  If  the  level  of  the  liquid  relative  to  the  end  of  the  tube  and 
the  temperature  of  the  walls  of  the  tube  are  kept  constant,  combustion  is 
stationary.  For  small  tube  diameters  (d  <  10  cm  for  combustion  in  air  at 

IQ 

1  atm  absw)  burning  is  laminar.  This  combustion  regime  is  considered  hero. 
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The  height  h  and  shape  of  the  flame  during  diffusion  burning  of  a 
liquid  and  a  gas  conform  to  the  same  laws.  In  particular,  if  the  rate  of 
burning  of  a  liquid  is  w,  then  the  condition  h/w  (d/2)  =  const  should  be 

fulfilled.  In  fact,  for  petrol,  kerosene,  diesel  fuel,  gas  oil  and  ethyl 
alcchol,  the  value  of  h/w  (d/2)  does  not  change  much  and  shews  no  trend  as 
d  changes^’ The  following  values  have  been  obtained  for  gas  oil: 


d,  ran 

3.7 

5.0 

6.0 

7.1 

11 

20 

w,  nn/sec 

O'- 155 

0.035 

0.068 

0.055 

0.02+0 

0.018 

h,  cm 

3.0 

lf.0 

4*4 

h*9 

7.9 

11.8 

h/w  (d/2)^  10  '  sec/cm^ 

5.7 

7.5 

7,2 

7.1 

6.5 

6.4 

However,  for  diffusive  combustion  of  a  gas  the  velocity  of  the  jet  of 
gas  is  controlled  by  the  experimenter.  On  the  other  hand  for  a  liquid  the 
rate  of  burning  establishes  itself  and  depends  on  the  thermodynamic  parameters 
of  the  liquid  and  on  the  conditions  of  diffusion. 

The  velocity  w  differs  considerably  from  the  normal  rate  of  burning  in 
homogeneous  systems.  On  the  one  hand  it  refers  only  to  the  pure  fuel.  More¬ 
over,  for  each  gram  of  fuel  consumed  an  additional  1 . 3—3*5  gm  of  oxygen 
(depending  on  the  nature  of  the  fuel)  is  required.  Therefore  the  mass  rate 
of  burning  of  pure  fuel  p^  w  (where  p^  is  the  density  of  the  liquid  fuel) 
is  approximately  2.5  to  5  times  lower  than  the  mss  burning  rate  of  the 
^^rr^sponding  stoichiometric  mixture  of  fuel  and  oxygen. 

However,  on  the  other  hand,  p.  w  is  related  not  to  the  surface  of  the 
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combustion  front,  but  to  the  cross-sectional  area  of  the  tube.  Data  on  the 
height  of  the  flame  show  that  this  raises  the  rate  of  burning  about  10-30  times, 
but  the  overall  rise  is  shown  to  be  2-10  times.  However  such  a  comparison 
with  the  rate  of  burning  of  homogeneous  systems  is  only  of  for  ml  interest 
since,  as  shown  later,  the  rate  of  burning  of  a  liquid  depends  only  slightly 
on  the  total  height'  of  the  flame. 

The  parameters  having  an  effect  on  the  burning  rate  of  a  liquid  (w)  are 
now  examined. 

(l)  As  the  burner  diameter  in  increased  the  rate  of  laminar  combustion 
of  a  liquid  decreases  rapidly  (Fig.  10) .  When  d  is  further  increased  (when 
combustion  already  ceases  to  be  laminar)  the  burning  rate  ceases  to  decrease 
and  then  increases  somewhat,  evidently  approaching  some  limit;  however,  this 
part  of  the  curve  w(d)  is  not  examined  here. 
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The  maximum  experimental  value  of  the  coming  rate  (measured  in  the 
narrowest  tubes)  amounts  to  z  0.022  gm  cm  sec  for  petrol  and  x  0.016  gm 
cm  seo  for  kerosene  (at  1  atm  abs). 

(2)  The  burning  rate  of  a  liquid  increases  with  an  increase  in  oxygen 
concentration  in  the  surrounding  medium  (Fig.  11):  on  changing  over  from  air 
(2l£  Oj,  by  volume)  to  a  .mixture  of  50$>  0„  +  Np,  the  burning  rate  of  petrol 
increases  approximately  2.1  times  and  that  of  diesel  fuel  3*3  times. 

(3)  The  burning'  rate  of  liquids  increases  rapidly  with  increase  of 
pressure  .  Thu3  for  n-octane-  in  a  quartz  crucible  of  diameter^  11.3  ran  in. 
a  manometric  tomb  the  following  values  were  obtained  (p^  is  the  density  of 
the  liquid): 

pn  ,  atm  15  20  30  10  50  60 

u2 

p1  w,  gm  cm-2  sec**1  0,0052  0.007k  0.0120  0.0170  0.0230  0.0280 


Comparison  of  these  results  with  those  .in  Tables  4  and  13  shows  that  the  value 

of  p-^  w  for  n-octane  at  high  pressures  is  one  or  two  orders  of  magnitude 

lower  than  the  burning  rate  of  homogeneous  air  mixtures  (to  say  nothing  of 

oxygen  mixtures)  and  I5  to  2  orders  of  magnitude  lower  than  the  burning  rate 

of  volatile  explosives.  The  dependence  of  the  mass  burning  rate  of  n-decane, 

benzene,  gas  oil-  and  diesel  fuel  on  the  pressure  can  be  expressed  by  the 

empirical  formula  p.  w  «  p~  where  pn  is  the  pressure  of  oxygen  and  the 

1  2  u2  ’ 
exponent  n  =  O.96  to  1.07  (pn  =  10  tc  10  atm).  For  n-octanc  the  exponent 

u2 

n  decreases  as  the  diameter  of  the  crucible  increases  (from  n  =  1.2  at 

de(Ta  =  11*3  nm  to  n  =  0.83  at  de£iLi  =  22.6  mm  for  the  range 

Pq  -  15  to  60  atm)  •  The  presence  of  the  strong  dependenoo  of  p^w  on  p 

is  related  to  the  convective  transfer  of  oxygen  r.o  the  flame3  .  However  with 
increase  of  d  the  exponent  n  did  not  increase  but  decreased.  It  is 
not  clear  whether  combustion  was  laminar  at  high  pressures. 

(l)  As  the  distance  A  between  the  surface  of  the  liquid  and  the  rim 
of  the  burner  increases  (during  the  experiment  A  =  const  *  f(t))  the  burning 
rate  decreases: 


4 


quivalent  diameter  calculated  from  the  free  area  of  liquid  d  =  VlS/x. 

equ 


w,  ma/sec 

w,  mm/sec 

A,  mm 

Ethyl 

alcohol 

Kerosene 

A,  nzn 

Ethyl 

alcohol 

Kerosene 

0 

0.060 

0.055 

4-5 

0.028 

0.022 

0.5 

0.052 

0.047 

6.5 

0.017 

0.0067 

2.6 

_  .. 

0.02)2 

■  0.0  ip 

_ 

At  a  sufficiently  high  value  of  A  burning  ceases. 

(5)  The  burning  rate  depends  on-  the  nature  of  the  liquid.  For  example 

51 

the  following  results  have  been  obtained  : 


Fuel  liquid 

v,  mn/sec 

Fuel  li.quid 

w,  mn/sec 

SEE 

Car  petrol 

Tractor  kerosene 

■ 

0.057 

0.032 

Diesel  fuel 

Gas  oil 

0  0 

.  . 

0  0 

©  3 

0.028 

0.018 

The  value  of  the  ratio  of  w  for  the  fastest  burning  to  vr  for  the  slowest 
burning  liquid  (w  /w  .  )  for  the  same  value  of  d  is  3  to  U*5>  i.e.  about 
the  same  as  the  analogous  relationship  for  adr  mixtures  or  volatile  explosives 
at  1  atm  abs.  Values  of  w  for  30  different  liquids  in  quartz  burners  of 

»  Q 

large  diameter  (62  and  106  nm)  have  been  obtained*4"  .  In  particular  the 

following  values  of  w  (in  rren/sec)  were  obtained  for  d  =  62  rrm: 


Benzene 

0.052 

Car  petrel 

0.028 

Ethyl  alcohol 

0.02)8 

Carbon  bisulphide 

0.028 

Toluene 

0.045 

Acetone 

0.023 

Turpentine 

0.02)0 

Methyl  alcohol 

0.020 

Aviation  petrol 

0.035 

Kerosene 

0.017 

Xylene 

0.033 

Gas  oil 

0.013 

In  this  case  wmax/wmin  =  4*  The  effect  of  the  nature  of  the  liquid  on  the 
value  of  w  decreases  somewhat  with  the  increase  in  diameter  of  the  burner. 
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(6)  The  "burning  rate  of  a  liquid  decreases  with  increase  in  the 
conductivity  of  the  material  of  the  burner  and  the  thickness  of  its  walls  . 
Thus,  for  example',  the  following  results -were- -obtained,  for  ethyl  alcohol: 


Burner 

w,  nn/seo 

d  s  8  ram 

•  d  =  10  Dm 

Glass 

0.077 

0.057  •' 

Steel 

0.072 

- 

Copper 

w 

o.Oi+5 

The  factors  which  determine  the  rate  of  burning  of  a  liquid  with  a  free 
surface  may  now  be  examined.  It  can  be  assumed  that  it  is  basically  those 
parts  of  the  flame  nearest  to  the  surface  of  the  liquid  which  influence  the 
value  of  w.  Hence  the  relation  between  the  burning  rate  w  and  the  height 
of  the  flame  "h  is  unidirectional:  the  -height  of  the  flame  is  proportional 
to  w  (see  above),- but  the  burning  rate  depends  only  slightly  on  the  full 
height  of  the  flame. 

The  amount  of  substance  reacting  in  that  part  of  the  flame  which  has  a 
significant  effect  cn  the  burning  rate  (in  the  ’zone  of  influence1)  is  limited 
by  the. rate  of  supply  of  oxidizer  from  the  surrounding  volume,  since  it 
increases  with  increase  in  concentration  of  oxidizer  in  the  volume.  The 
quantity  of  heat  which  is  emitted  within  the  boundary  of  the  zone  of  influence 
naturally  depends  on  the  nature  of  the  liquid,  although  the  valuo  of  the  heat 
of  combustion,  calculated  for  a  mole  of  oxygen  (Q  kcal/mole  CL) ,  for  the 
majority  cf  liquid  fuels  lies  within  very  narrow  limits: 


Methyl  alcohol 

108 

Ethyl  ether 

100 

Glycerine 

101.5 

Xylene 

.  99-5 

Benzene 

101 

Acetone 

98.2 

This  result  seems  reasonable,  as  the  heats  of  combustion  even  for 
hydrogen  and  carbon  (for  one  mole  of  C^)  do  not  differ  very  much  ( 115.6  and 
94  kcal/mole  0^)  and  the  contribution  of  the  heat  of  formation  of  a  liquid  is 
not  very  significant. 
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However  the  flow  of  heat  q  from  the  flame  to  the  surface  of  the  liquid 
can  depend  to  a  considerable  extent  on  the  nature  of  the  liquid;  in  particu¬ 
lar  the  flow  by  radiation  is  large  for  the  smoky  flames  of  benzene,  xylene, 
etc,  and  snail  for  the  transparent  flames  of  the  lower  alcohols  and  ethers. 

This  heat  flow  is  used  up  in  heating  and  evaporating  the  liquid 


q  =  P!  w  Si-  -  T0)  +  Qj  .  (18) 

Hence 

w  =  - - - £ -  ( 18* ) 

p,  [c,(T  -  T  )  +  Q  ] 

4  rl  *•  1'  cv  o/  ev. 


-1  -1 

where  c,  is  the  specific  heat,  cal  gm  deg  ,  and  Q  is  the  heat  of 

^  ev 

evaporation  of  the  liquid,  cal  gm  .  Hence  the  effect  of  the  nature  of  the 
liquid  on  the  value  of  w  is  connected  net  only  with  changes  in  the  value  of 
q  but  also  with  changes  in  the  thermodynamic  properties  of  the  liquid. 

The  data  in  Table  22  show  (in  agreement  with  the  conclusions  of  Ref.  1$) 
that  there  is  a  correspondence  between  the  burning  rate  and  the  heat  losses 
PlC°l(Tev.  -  To)  +  Qev]  in  heating  and  evaporating  the  liquid  (see  the  series 
benzene,  xylene,  glycerine  and  ethyl  ether,  acetcne,  methyl  alcohol). 

The  influence  of  q  on  the  burning  rate  is  shown  by  comparison  of 
benzene  with  ethyl  ether  (see  Table  22)  when  the  value  of 
Pl^Gl^Tev  “  T0)  +  ^ev^  decreases  approximately  1.6  times  but  the  burning 
rate,  nevertheless,  decreases  (apparently  owing  to  the  decrease  in  the  radial 
flow), 

TABUS  22 

Burning  rate  and  heat  expended  in  preheating  and  evaporating 
unit  volumes  of  liquid  fuels' 


Liquid  fuel 

-1 

w,  inn  sec 

Pl[cl(Tev  '  To-)  +  Qev^  Cal  Cm"3 

Benzene 

0.052 

105 

Ethyl  ether 

0.02+S 

67.5 

Xylene 

0.053 

116.5 

Acetone 

0.023 

120 

Methyl  alcohol 

0.020 

230 

Glycerine 

0.0067 

361 
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A  few  remarks  on  the  relationships  w(p) ,  w(d) ,  etc,  can  he  made. 

(a)  The  increase  in  w  with  increase  in  p  is  related  not  only  with 

m  r  , 

the  increased  convective  heat  transfer  hut  also  with  the  fact  that  the  flame 
burning  ns  a  homogeneous  mixture^  (at  the  tip  of  the  burner)  approaches  the 
surface  of  the  liquid  as  p  increases. 

(h)  The  decrease  in  w  with  increase  in  d  is  because  the  flow  of 

heat  from  the  flame  as  a  result  of  thermal  conductivity  takes  place  only  at 

19 

the  burner  periphery  and  is  proportional  to  the  burner  diameter  .  The  neat 
transfer  by  radiation  is  proportional  to  the  area  of  cross-section  of  the 
burner.  Hence  w  «  (ad  +  bd  )/d  =  a/d  +  b,  i.e.  vr  decreases  with 
increase  of  d. 

(c)  Some  portion  of  the  heat  released  in  the  flame  is  removed  along 
the  walls  of  the  burner.  Part  of  this  heat  is  used  in  heating  the  surface 
layers  of  the  liquid  (and  increases  w).  However  owing  to  the  low  burning 
rate  of  the  liquid  the  greater  part  of  the  heat  carried  along  the  wall  is 
lost  since  the  burner  is  not  thermally  insulated  and  this  lowers  w. 

4  COMBUSTION  OF  SOLID  PARTICLES  AND  DROPS  OP  LIQUID 

The  combustion  of  atomized  3olid  or  liquid  fuel  plays  an  important  role 

in  ram- jets,  liquid  propellent  rooket  engines,  diesel  engines  and  industrial 

furnaces  using  coal  dust  or  liquid  fuel.  It  should  be  noted  that  in  the 

combustion  of  a  gas  there  is  the  possibility  that  carbon  particles  are  formed 

in  the  flame  (both  in  diffusion  and  homogeneous  flames,  especially  at  high 
12 

pressures  ).  Consequently  combustion  is  protracted  and  the  height  of  the 
flame  increases. 

The  most  important  parameters  for  the  combustion  of  an  atomized  fuel 

are  the  ignition  delay  t  .  and  the  duration  of  combustion  t  ,  since  they 

ig  o 

determine  the  necessary  dimensions  of  the  combustion  chamber. 

The  burning  rate  of  a  fuel  particle  generally  depends  both  on  the  rate 

of  supply  of  oxidizer  from  the  surrounding  volume  and  the  rate  of  the  reaction 

26 

at  the  combustion  front.  '  Thia  can  be  expressed  quite  clearly  •  •  Let  the 
concentration  (in  gm  cm  )  of  the  oxidizer  be  0  in  the  surrounding  volume 


homogeneous  mixture  is  formed  because  the  flame  is '  situated  at  some 
distance  from  the  edge  of  the  burner  (this  distance  is  limited  by  the  rate  of 
heat  loss  to  the  burner  walls) ,  but  the  mixing  of  the  fuel  vapour  with  the 
gaseous  oxidizer  starts  directly  at  the  burner  outlet. 
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and  at  the  combustion  front.  For  a  stationary  (steady)  process  the 
amount  of  oxidizer  reacting  in  unit  area  of  combustion  front  in  unit  time  is 
that  which  ir  supplied  by  diffusion  from  the  surrounding  volume.  For  a  first 
order  reaction  this  can  be  expressed  by 


■w0*  ■  w  -  ty  <19> 


where  k.  .  and  k, are  the  reaction  rate  constant  and  the  diffusion 
Kin  dif 

A 

coefficient,  cm  sec  .  Hence  we  find  the  concentration  of  oxidizer  in  the 
~  ambus t ion  front  is  k^^^/Ck^  +  k^) .  Correspondingly  the  rate  of 

consumption  of  oxidizer  in  the  combustion  front  (in  gm  cm  2  sec  is 

given  by 


C 

m  =  k,  .  C .  =  77: - -  .  (20) 

ox  kin  <}>  *Adif  + 

From  this  it  is  easy  to  calculate  the  rate  of  burning  of  a  particle If 
^dif  >:>  ^kin’  ^’e*  diffusion  dees  not  limit  the  rate  of  the  process,  the 
combustion  is  kinetically  controlled  and  C ,  «  C  :  m  s;  k,  .  C  .  On  the 
other  hand  if  k^.  <<  kj^,  i.e.  the  inaction  rate  is  very  high,  the  combus¬ 
tion  is  diffusion  controlled  and  C ,  s;  0:  m  »  k, C  . 

<p  o  air  co 

Experimental  data  show  that  the  combustion  of  drops  of  liquid  fuel  and 
metal  particles  usually  follow  the  laws  characteristic  of  the  diffusion 
controlled  regime  tolerably  well  (see  below). 

A  FORMULA.  FOR  THE  RATE  OF  DIOFUSION  BURNgjS  OF  A  SPHERICAL  PARTICLE 

The  combustion  of  a  single  particle  of  fuel  in  a  gas  at  rest  will  be 
examined.  The  diffusion  of  the  ith  gas  to  the  particle  can  be  expressed  by 
the  equation 


where  C.  is  the  mclar  concentration.,  mole  cm  D  is  the  diffusion 

1  2  -1  -l 

coefficient  cm  sec  ;  v  is  the  velocity  of  the  gas  for  Stefan  flow,  cm  sec"1. 
It  is  assumed  that  the  density  of  the  gas  and  the  diffusion  coefficient  arc 
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independent  of  the  coordinates.  The  quasi  stationary  solution  will  he 
considered. 

The  continuity  equation,  since  p  *  f (r) ,  is 

O 

2  “2 

v  r  *=  const  =  v,  r,  (22) 

9  9 


where  r ,  is  the  radius  of  the  combustion  front,  and 
9 

The  boundary  conditions  are 


r=r. 


C. 

l 


r-+  oo 


C.  | 


(25) 


Integrating  (21 )  and  taking  into  account  (22)  and  (23)  we  obtain 


C. 

1=0 


JU 


V,  r ,/D 

~J  *  - 1 


The  flow  of  the  ith  gas  to  the  conibustion  front  is  equal  to 


(2ft) 


+  v  .  0.  . 
9  1 9 


(25) 


The  value  of  is  known,  since  the  initial  composition  of  the  gas  ia 

given.  However  the  values  of  and  cannot  be  predicted  but  must  be 

deduced  from  supplementary  conditions.  The  cost  important  cf  these  that 
mu3t  be  fulfilled  is  that  there  is  no  accumulation  of  a  substance  in  the 
combustion  front.  In  other  words  the  flow  of  each  element  (e.g.  0)  of  the 
ga363  transferred  to  the  combustion  front  (c.g.  0^)  must  be  equal  to  the  flow 
of  this  element  in  the  composition  of  the  gases  transferred  from  the  conibus¬ 
tion  front  (c.g.  H^O,  0C9).  As  an  illustration  of  the  method,  consider  the 
combustion,  of  a  hydrocarbon  fuel  in  air  assuming  that  the  products  of 
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combustion  axe  only  C02  and  H^O.  Then  the  above  mentioned  condition  can  be 
written  in  the  form* 

+  °*5  (^o)^  +  (9c02^  =  0  ‘  (26) 

-2  -1 

Here  the  flows  are  expressed  in  mole  cm  see  ;  correspondingly 
equation  (26)  denotes  that  the  number  of  moles  of  oxygen  transferred  to  the 
combustion  front  (in  unit  time  through  unit  area)  is  equal  to  the  number  of 
moles  of  oxygen  in  the  composition  of  the  products  of  combustion  transferred 
from  the  combustion  front.  Furthermore  it  is  obvious  that 


<%2>e  =  0 


(27) 


If  in 
hydrogen  to 


a  molecule  of  the  fuel  the 
those  of  carbon  is  equal  to 


ratio  of  the  number 
nj./nc  then  in  the 


of  atom;  of 
above  example 


_  fH 

^  nc 


(28) 


Further,  for  diffusion-controlled  combustion  the  concentration  of 
oxidizer,  and  the  concentration  of  the  fuel,  in  the  combustion  front  is 
exceedingly  small.  In  the  present  example 


(29) 


♦This  is  only  an  approximation  since  in  addition  to  the  flow  of  CO^  and 
HgC  from  the  combustion  front  there  exists  a  small  flow  of  combustion  products 

(and  nitrogen)  to  the  surface  of  the  drop  opposed  to  the  flow  of  products  of 
the  fuel.  For  an  exact  representation  of  the  problem,  in  addition  to  the 
solution  of  the  diffusion  equation  (21)  for  the  external  (relative  to  the 
combustion  front)  region,  the  analogous  equation  for  the  internal  region 
(between  the  combustion  front  and  the  drop)  should  be  solved  and  take  into 
account  the  presence  of  a  sharp  discontinuity  of  density  and  of  gas  velocity 
at  the  front.  However,  because  of  the  numerous  simplifications  made  at  tho 
start  of  the  solution  '  (pg  4=  f(r);  D  *  f(r),  the  schematic  composition  of  the 

products  of  combustion,  and  the  fact  that  the  solution  is  for  a  quasistationary 
state,  a  more  exact  representation  is  not  considered  justified. 
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Finally  from  the  equation  of  state  of  a  real  gas 


2^  =  pA-  •  W 

i 

It  is  convenient  to  .change  from  the  dimensional  concentration  C.  =  )/V 

7  X  1  X 

mole  cm  3  to  the  dimensionless  volumetric  concentration  0.  =  V-/v.  Sub- 

i  i 

stituting  for  in  tlie  equation  cf  state  pV.=  (nk/ii^RT  =  V  RT  we 
obtain  P/RT  and  condition  (30)  can  he  written  in  the  form: 

y%  =  i  •  (30*) 

1 


In  equations  (26) -(29)  can  simply  he  replaced  hy  since  the  multi¬ 
plication  factor  P/KT  cancels  out. 


The  systems  (26)-(29),  (30’)  consists  of  five  equations  and  five 
urJonwns:  (0^,  (»*)*,  (0^ 

from  this  system, 
form: 


aiid  Vj  which  can  he  determined 
Moreover  the  expression  for  v^  can  he  obtained  in  the 


where 


A 


V  =  ”  In  (l  +  A) 
9 


(51) 


Ky,  *  °-5  Voo  +  cyj- [0.5  (*H^  +  (^] 


(32) 


For  the  combustion  of  a  single  drop  in  air.  the  approximation  can  he  made  that 


<V,o>“  =  (*oo2)„  »  <«62>„  =  °-21>  <V'»  “  0-75- 


Consider  the  equation  relating  the  burning  rate  of  a  particle  with  the 
rate  of  diffusion  of  the  oxidizer  to  the  combustion  front.  Let  1  mole  of 
fuel  react  with  k  moles  of  oxidizer.  Then 
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xj  (9o  ^  Pf  i[t  =  ~  k  ^  ra  Pf 

where  is  the  molecular  ’  eight  of*  the  fuel,  t  is  time,  r^  is  the 

radius  of  the  drop  ( particle'?  of  fuel,  and  is  the  density  of  the  fuel 

(solid  or  .liquid)  gm  cm 

Hence  the  rate  of  burning  of  the  particle  is 


v r 


dt 


Pf 


(34) 


Substituting  for  ('Iq  in  (34)  yields 


w 


(d  } 

_1_  ^  P  °2,0Q  Pf  In  (1  +  A) 

rd  #  rd  ^  k  Pf  L 


(35) 


where  D  =  Dq  (pQ/p)(TA0)n  where  pQ  =  1  atm,  Tq  =  273°K,  Dq 
and  n  =  1.75  to  2.0. 


T 


o 


The  ratio  r^/r^  can  be  obtained  from  the  condition  that  in  the 
stationary  regime"  the  quantity  of  heat  supplied  to  the  particle  is  equal  to 
the  loss  of  heat  in  the  evaporation  of  the  particle 


pf  *  V 


T a «, 


ev 


(36) 


^During  the  ccinbusticn  of  a  particle  a  steady  regime  of  two  types  is 
possible:  (l)  if  the  thermal  conductivity  of  the  particle  and  the  interval 
of  time  after  the  start  of  combustion  are  sufficiently  large,  the  temperature 
becomes  the  same  at  any  point  of  the  particle  and  is  independent  of  time; 

(2)  if  the  thermal  conductivity  of  the  particle  is  very  small  (or  if  the 
combustion  of  a  liquid  in  a  burner  with  tracer  powder  is  being  studied)  a 
stationary  heating  wave  is  established  at  the  particle  surface. 


where  V  .  p’ .  va  ar.t  the  thermal  conductivity,  aenoity  and  velocity  (at  the 
’  r  ’a  dS  . 

surface  of  the  drop)  of  the  fuel  vapour.  The  temperature  gradient  is 

rd 

given  by  the  heat  conduction  equation  ^  ^r2  -  v;  ~  =  0  in  the  range 

r^  <  r  <  r,  for  the  boundary  conditions  T Jr  -  Id  >=  f(p)  and  T Jr^  *=  T^. 
Whence 


T  -  T 

f  a 


a'  vdrd 


where  a’  =  X*/pc’  is  the  temperature  transfer  coefficient  cf  the  fuel 
vapour.  Substituting  (37)  in  (36)  gives 


’’  Pf  r  A  -  %) 


•  In  1  + 


°'  <**  “ 


The  two  equations  (37)  and  (38)  have  two  unknowns  w  and  r^/r.?.  Hence 


w  =  -aT  =  ’ 


r4  «  L 
^  -  1 + w  > 


where 


^H1 


o'  (I  -  Ta)- 


1-1  po  1  ; \  -  In  ( 1  +  A) 
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It  should  be  noted  that  N  does  not  depend  on  pressure  and  L  depends  only 
slightly  on  pressure  (with  increase  of  pressure  can  increase  and  Qgv. 
decrease).  Integrating  (39)  gives 

d2  =  d2  -  nt  (41) 

T  =  dQ/n 

where  dQ  is  the  diameter  of  the  particle  at  t  =  0,  n  =  8  (N  +  L)/p^,  and 
t  is  the  tame  of  burning  of  the  particle  (from  d  =  do  tc  d  =  0}«  Hence 
the  time  of  burning  of  the  particle  is  proportional  to  the  square  of  its 
initial  diameter  and  does  not  depend  on  the  pressure. 

E  EXPERIMENTAL  DATA  ON  THE  COMBUSTION  CP  PARTICLES 

In  studying  the  combustion  of  particles  and  drops  at  least  three 
different  methods  are  used. 

(1)  The  drop  or  particle  moves  freely  in  a  stream  of  gas  and  its 
combustion  time  is  measured. 

(2)  The  drop  or  particle  is  suspended  on  a  fine  filament,  usually 
quartz,  and  its  radius  is  measured  as  a  function  of  the  time  and  the  total 
time  of  burning  is  also  measured. 

(3)  A  liquid  fuel  permeates  from  inside  a  small  porous  sphere  and  bums 
on  the  surface  of  the  latter.  Measurements  arc  made  of  the  rate  of  consump¬ 
tion  of  fuel,  i.a.  its  rate  of  burning. 

In  the  first  and  second  methods  the  combustion  is  nen-s  tat  ionary  and 
quasistationary  whereas  in  the  third  method  it  is  stationary.  The  first 
method  is  used  for  drops  of  size  from  ~1C0  microns  to  a  few  millimeters  and 
for  finer  particles  from  1-10  microns  for  solid  fuels.  The  second  and  third 
methods  are  used  for  relatively  large  particles  (d  ^  1  m). 

First  consider  the  combustion  of  drops  of  liquid  fuels.  A  spherically 
symmetrical  flame  is  observed  only  in  the  case  of  very  small  drops.  For 
d  >  1  nm  the  flame  is  considerably  drav/n  out  (Fig.  12)  owing  to  natural 
convection.  Experiments  have  been  made  in  a  free-falling  chamber'^*'^  when 
the  flame  became  spherically  symmetrical,  but  the  rate  of  burning  decreased 
approximately  2  times  owing  to  the  absence  of  convection. 
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In  spite  of  the  distortion  of  the  flame  shape  many,  hut  naturally  not 

ail, experimental  results  agree  with  the  results  deduced  from  the  theory 

obtained  for  the  spherically  symmetrical  case.  Most  important  of  all  is  the 

agreement  with  theory  of  the  dependence  of  the  burning  rate  and  time  of  bum- 

55  57 

ing  on  the  diameter  of  the  drop.  Thus  it  has  been  shown'  *  that  for 
2 

coordinates  d  ,  t  the  experimental  points  fcr  seventeen  liquids  fall  c n  a 
straight  line,  i.e.  they  satisfy  equation  (41). 

54  58 

It  has  been  shewn  *  that  the  experimental  points  are  in  good  agree¬ 
ment  with  the  relationship 


ft  = 


dr. 


hi*  r 


d  dt 


Pf  «  rd 


which  is  derived  from  equation  (39)*. 

2 

The  dependence  of  the  time  of  burning  %  on  the  diameter  of  a  drop  d 

CD  O 

has  also  been  studied  •  Equation  (1+2)  predicts  that  this  dependence  should 
2 

be  in  dQ.  This  result  was  obtained  for  drops  of  tetralin  and  paraffin 
(dQ  =  150  to  600  microns).  For  drops  of  kerosene  the  exponent  was  s  cane  what 
higher  (~2,3). 

5  h.  * 

It  has  been  shown  that  the  burning  rate  of  ethyl  alcohol  on  a  . 

porous  sphere  of  diameter  5«5  ran  increases  with  increase  in  the  concentration 

of  oxygen  (in  mixtures  with  nitrogen  or  helium): 


02,  volume  % 

25 

¥> 
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100  . 

Rate  of  burning,  0?  +  N0 

0,001+2 

0.0057 

0.0072 

0o0085 

git/ sect  02  >■  Hg 

0.0055 

0.0074 

0.0083 

0.0035 

However  the  increase  in  burning  rate  is  less  than  would  be  expected  from  the 
theory. 

The  burning  rate  of  drops  of  furfuryl  alcohol,  tetralin,  decane  and 
amyl  acetate,  increases  with  increase  in  pressure^  (in  general  «  p0»25). 

This  result  i3  also  not  in  agreement  with  the  theory  expounded  above  and  this 
may  possibly  be  connected  with  the  effect  of  convection. 

*  ft  is  the  rate  of  burning  of  a  drop,  gm  sec  • 
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For  1  atm  abs  the  experimental  value  of  n  in  (i*l)  and  (2*2)  for  the 

combustion  of  organic  liquids  in  air  lies  between  the  limits  (0*7  to  1.0),  10 
2  -1 

cm  sec  .  It  can  be  shown  that  at  1  atm  abs  the  mass  burning  rate  of  drops 
(calculated  for  unit  surface  of  combustion  front  taking  into  account  the  mass 
of  oxidizer)  becomes  comparable  with  the  mass  rate  of  burning  of  homogeneous 
fuel  gas  -  air  mixtures  (see  Table  l)  only  for  very  small  drops 
(r^  <  10  microns).  By  reducing  the  size  of  the  drop  one  can  obtain  very 
high  theoretical  burning  rates,  but  such  small  drops  have  sufficient  time  to 
evaporate  completely  before  ignition. 


The  combustion  of  metal  particles  is  most  frequently  studied  under 

conditions  where  the  particle  is  free  to  move  in  a  current  of  air  (cr  oxygen) 

and  also  in  the  combustion  products  of  a  gaseous  (or  condensed)  system  (see 

Figs. 13,  11*,  15)  •  In  the  latter  case  combustion  of  the  metal  takes  place  at 

the  expense  of  the  reduction  of  HgO  (to  hydrogen)  or  COg  (to  CO) ,  etc.  In 

comparison  with  the  experimental  results  cn  liquid  fuels,  there  are  few 

results  in  the  literature  cn  the  combustion  of  metal  particles;  they  are  also 

less  complete  and  there  is  considerable  divergence  between  the  works  of 

various  authors.  Hence  a  comparison  of  the  experimental  results  with  those 

deduced  from  the  diffusion  theory  can  only  be  made  within  very  narrow  limits. 

We  have  seen  that  fer  the  combustion  of  drops  cf  liquid  fuels  the  dependence 

of  the  burning  rate  and  of  the  time  of  burning  on  the  diameter  of  a  drop  is 

2 

in  good  agreement  with  theory  (in  particular,  time  of  burning  x  «  d  ).  For 

o 

particles  cf  metals  the  dependence  nr(d)  './as  studied  within  very  narrow 
limits  of  d  and  cn  the  basis  of  a  very  small  number  cf  points.  For 

aluminium  T  «  d”1*"’  was  obtained  in  Ref. 59  and  x  «  d"1*^  in  Ref.60  (for  two 

0  0  2  56 

points  d  ~  60  micrens  and  d  ~  95  microns).  For  magnesium  x  «  d^0 

and  for  titanium  x  <*,  dQ  are  given  in  Ref.6l. 

60 

It  has  been  observed  that  the  time  of  combustion  decreases  rapidly 
with  increase  in  con. .ntration  of  oxygen.  The  following  values  were  obtained 
for  aluminium  particles  (dQ  =  53  to  66  microns)  in  an  atmosphere  cf  the 
products  of  combustion  cf  the  mixture  CG-Og-Ng  (~2500°K,  1  atm  abs). 


Og  volume  %  23.3  30  Ifl 

x  .  10^,  sec  12.7  8.1* 


50  60 
5-K  4»5» 


6.5 
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The  strong  influence  of  the  oxidizer  concentration  is  in  agreement  with 

theory.  On  the  other  hand  the  decrease  of  cccibustion  time  of  aluminium 

go 

particles  with  increase  of  pressure  (Table  23)  does  not  agree  with  the 
diffusion  theory  and  further  considerations  are  required  tc  explain  this. 

It  is  possible  that  with  increase  in  pressure  combustion  becomes  more  complete 
and  there  is  an  increase  in  the  intensity  of  combustion  and  of  the  combustion 
temperature  of  the  mixture  NH.  010  -  formaldehyde,  in  the  combustion  products 

if  if 

of  which  the  experiments  were  carried  out.  Also,  on  increase  of  pressure  the 
concentration  of  the  particles  of  aluminium  in  unit  volume  increases  and  the 
radiative  heat  losses  are  correspondingly  reduced. 

TABLE  23 

Dependence  of  c  embus  t  ion  time  af  aluminium  particles  on  pressure 

Experiments  were  conducted  in  the  products  of  combustion  of  the 

60 

mixture  NH^  CIO^  -  paraf  orraaldehyde 


Content  of  mixture, 

%  by  wt 

dAl» 

microns 

3 

.  10  ,  sec 

NH,  CIO, 

4  4 

PPA 

A1 

21 

atm 

42 

atm 

63 

atm 

105 

atm 

147 

atm 

189 

atm 

85 

15 

0*01 

89-103 

w» 

11.5 

9.7 

7.9 

7.3 

7.3 

90 

10 

0.1 

53-66 

9.6 

7.4 

5.9 

4.8 

W 

4.7 

95 

15 

0.01 

53-66 

5.5 

4*2 

3.6 

3.5 

3.5  . 

3.5 

76 

24 

0,01 

53-66 

5.5 

4*2 

3.6 

3*5 

3.5 

3.5 

Sane  results  found  in  the  literature  on  the  combustion  of  particles  of 
aluminium  and  manganese  in  various  gaseous  mixtures  at  atmospheric  pressure 
are  collected  in  Table  22f*  The  combustion  time  (calculated  according  tc 
(l<2))  of  drop3  of  benzene  in  air  is  given  as  a  comparison  since  no  experi¬ 
mental  data  on  the  burning  of  liquid  drops  of  diameter  10-jjO  microns  were 
available. 

The  data  of  Refs. 59,  60,  62  for  aluminium  are  in  agreement  but  the 
ccobustion  time  of  aluminium  in  Ref. 63  is  considerably  higher.  There  can  be 
complications  ov/ing  to  the  formation  of  hollow  ’shells  of  Al^O^  around  the 
aluminium  particles  (Fig.l6)  thu3  protracting  combustion.  The  conditions 
under  which  these  shells  axe  formed  or  are  not  formed,  whether  they  are 
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formed  round  all  particles  or  only  a  certain  fraction  of  them  or  whether  they 
exist  during  the  whole  period  of  combustion  of  a  particle,  etc,  are  net  yet 
established.  Another  complicating  factor  is  the  breakup  of  particles  during 
combustion  -  by  fragmentation,  disruption,  eto  (see  Fig.  13  for  aluminium  and 
Fig.  15  for  titanium)  •  This  phenomenon  is  apparently  connected  with  the 
accumulation  of  metal  vapours  under  the  oxide  film  and  the  subsequent  sudden 
bursting  of  the  latter.  It  is  natural  that  when  particle  fragmentation 
occurs  the  time  of  combustion  can  be  considerably  decreased. 

Magnesium  particles  (d  =  5P  (-0  bum  considerably  mere  rapidly  than 
aluminium  particles.  It  should  be  noted  that  in  changing  from,  air  to  a 
20g  +  8He  mixture  (thus  the  volume  percentage  of  oxygen  remaining  unchanged) 
the  time  of  burning  decreases  considerably  (about  1.5  times).  This  is  in 
qualitative  agreement  with  the  theoretical  expressions  since  the  diffusion 

3,  2  2 

coefficient  of  oxygen  in  helium  ^  is  0.638  cm  sec  and  in  air  0.178  cm 
•-1 

sec  • 

The  octdoustion  time  (and  hence  the  linear  burning  rate)  of  magnesium 
particles  is  cf  the  same  order  as  for  organic  fuels.  Since  rv/r^  for 
magnesium  is  considerably  less  than  for  organic  fuels  because  cf  the 
essentially  higher  heat  of  evaporation,  1260  cal/g  for  magnesium  as  against 
-100  cal/g  for  the  majority  of  hydrocarbon  fuels,  the  burning  rate  of. 
magnesium  for  unit  surface  of  combustion  front,  will  be  higher*  than  for  organic 
fuels. 

So  far  only  the  case  where  the  reaction  takes  place  in  a  certain  zone  at 
a  particular  distance  from  the  surface  of  tho  particle  has  been  considered. 
However,  there  are  two  reaction  zones  during  the  burning  cf  a  small  sphere  of 
ammonium  porchlorato  in  an  atmosphere  of  fuel  gas  (see  Refs. 231,  232).  The 
kinetically  controlled  flame  of  the  NK^CIO^  decomposition  products  (see 
scctionalO,  19)  i3  located  close  to  the  surface  of  the  small  sphere  and  the 
diffusion  flame  is  located  further  av/ay.  The  combustion  mechanism  is 
complex  (sec  section  10)  and  is,  cf  course,  net  necessarily  fitted  by  the 

simple  diffusion  theory*  Nevertheless  for  the  burning  cf  NK.C10,  in  C-Hq 

2  2  A*  2  o 

and  NH,  the  relationship  (41)  d  =  -  nt  appreared  to  be  correct.  How¬ 

ever  this  result  dees  net  give  any  evidence  for  the  diffusion  character  of 
this  burning.  Moreover,  the  form  of  the  dependence  d(t)  for  the  ocnibustion 
of  a  small  sphere  of  HH^CIO^  in  an  inert  atmosphere  is  not  certain^;  apart 

» 

Ain  analogy  will,  the  combustion  of  gaseous  mixtures  it  seems  probable 
that  there  is  an  inc^-oaue  in  burning  rate  as  d  decreases.  It  is  not 
2  2 

impossible  that  d*"  =  d  -  rat  may  be  obtained. 
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from  this,  in  the  present  example  functions  have  been  discovered  for  the 

quantity  n  which  are  not  characteristic  cf  diffusion  controlled  combustion. 

Thus  addition  of  1/>  of  copper  chromite  decreased  n  by  approximately  1*5 

times.  With  increase  of  pressure  (from  1  to  5  atm)  the  value  of  n  increased 

considerably  (n  a  p^*  .  The  effect  of  kinetic  factors  was  also  evident 

in  that  small  spheres  cf  KCIO^,  MH^NO^  and  KNO^,  in  contrast  to  NH^CIO^, 

could  not  support  stable  combustion  in  an  atmosphere  of  propane  (for  p  <  3  atm). 

Furthermore  it  was  shown  that  for  NH.C10  n  increases  v/ith  decrease  in  d  , 

4  4  ° 

although  according  to  the  theory  n  t-  f(d  ). 


The  constant  n  increased  slightly  (and  moreover  linearly)  with  increase 
in  the  velocity  of  the  gas  (n  =  n  +  n  V).  .  At  1  atm  abs  the  value  of  n 


2  w  •  o 

in  C,H„  was  s  O.O36  cm  /sec  and  in  NH,  about  0.027  cm  /sec. 
30  3 


For  comparison 


the  value  of  n  for  the  combustion  of  drops  of  kerosene  in  oxygen  (0.01  to 

2  ®  2  x 

0.015  cm  /sec)  and  of  hydrazine  in  oxygen  (0.035  cm  /sec)  is  given. 


The  results  of  experiments  on  the  combustion  of  small  spheres  of  NH^CIO^ 

in  a  mixture  of  H0-N0  are  in  disagreement  v/ith  the  diffusion  theory  to  an 

1  b  3 

even  greater  extent.  In  this  case  the  relationship  d'  =  dQ  -  kt  was 

obtained,  where  k  was  almost  independent  of  the  hydrogen  concentration. 


G  RATE  OF  PROPAGATION  OF  A  FLAMS  IN  SUSPENSIONS  OF  FUEL  ATOMIZED  IN  AIR 

AND  OXYGEN 

In  the  combustion  of  atomized  fuel  the  rate  of  burning  (or  the  time  of 
burning)  of  an  individual  particle  is  the  basic  parameter.  However,  in  some 
problems  the  rate  of  propagation  of  the  flame  through  a  flew  of  suspended 
particles  of  fuel  in  a  gaseous  oxidizer  is  also  of  interest  (see  Refs. 77-79 > 
etc). 
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0. 1.  Leipunskii  noted  that  the  combustion  of  a  suspension  can  be 
considered  as  the  combustion  of  a  homogeneous  mixture,  provided  that  the* 
reaction  in  the  combustion  zone  is  subordinated  to  the  mechanism  characteristic 
of  particle  combustion.  later,  this  question  is  considered  in  more  detail; 
here  merely  a  few  experimental  results' arc  given.  Suspensions  of 
aluminium  powder  in  air  (a  =  3.15  to  1.26)  and  of  graphite  powder  in  oxygen 
(a  =  0.52  to  O.46)  w&re  studied.  In  all  cases  the  burning  rate  over  the 
range  of  a  investigated  increased  v/ith  increased  concentration  of  fuel 
(Tabic  25). 
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TABES  25 

Linear  and  mass  rates  of  flame  x 


of  aluminium  in  axv  _ 

(19  nm  diameter  bunocn  burner) 


agation  in  suspensions 


-1 

C^,  mg  litre 

a 

u,  cn/sec 

m,  gm  cm” 

2  toec-i 

d  <  10  (j. 

d  <  3°  H 

d  <  10  ja 

d  <  39  H 

100 

3.15 

21 

15 

0.0275 

0 

. 

0 

—I* 

VO 

o\ 

150 

2.1 

28.5 

19 

0.0387 

0.0258 

200 

1.58 

3  2*5 

23 

0.02,86 

•  0.032A 

250 

1.26 

39.5 

26 

0.0577 

O.O38 

At  a  =  1*26  the  mass  burning  rate  of  an  aluminium- in-air  suspension  is 
of  the  same  order  as  the  mass  burning  rate  of  stoichiometric  mixtures  of 
saturated  hydrocarbons.  The  flame  velocity  in  graphite  suspensions  is 
significantly  less  than  in  aluminium  suspensions* 

Analysis  of  the  experimental  data  is  difficult  since  the  flame  velocity 
depends  largely  on  the  apparatus  parameters,  such  as  type  and  diameter  of 
burner. 

5  COMBUSTION  DUE  TO  REACTION  IN  THE  CGIDIiSSED  PEASE 

In  the  combustion  of  condensed  substances  a  regime  can  be  established  in 
which  the  main  heat  release,  and  in  the  limiting  caso  of  so-called  'flameless 
combustion1  all  the  heat  release,  is  evolved  during  reaction  in  the  sclid  or 
liquid  phases.  Such  a  regime,  from  the  theoretical  point  of  view,  should  be 
sharply  distinguished  from  the  combustion  of  homogeneous  gaseous  and  volatile 
systems,  since  in  the  condensed  phase  the  rate  of  diffusion  of  the  combustion 
products  and,  in  particular,  of  active  particles,  in  the  unburnt  substance  is 
practically  zero,  and  the  propagation  of  combustion  can  proceed  only  as  a 
result  of  heat  transfer  by  thermal  conductivity. 

Further,  it  is  natural  to  expect  that  the  absolute  value  of  the  rate  of 
combustion  and  its  dependence  on  pressure,  initial  temperature ,  density,  etc, 
for  such  a  combustion  regime  will  be  significantly  different  from  the 
analogous  dependences  for  gaseous  systems. 

At  first  sight  it  might  be  expected  that,  for  the  regime  where  all  the 
heat  is  evolved  in  the  condensed  phase,  the  absolute  value  of  the  rate  of 
combustion  would  be  very  high,  since  the  density  of  the  condensed  phase  is 


high,  and  also  its  thermal  conductivity  exceeds  the  thermal  conductivity  of 
the  gas  near  the  ccuibustion  front  fcr  volatile  systems.  It  might  also  he 
expected  that  the  rate  of  '  flameless 1  combust icn  would  not  depend  on  pressure 
and,  in  particular,  should  proceed  steadily  in  a  high  vacuum.  The  mass  rate 
of  ’  flameless '  combustion  should  fall  steeply  on  decrease  of  density  of  the 
system  since  the  rate  of  reaction  is  decreased  with  fall  of  concentration  of 
the  unbumt  substance.  Finally,  for  those  substances  for  which  ’flameless 1 
combustion  is  a  regime  with  incomplete  liberation  of  the  heat  of  reaction  end 
consequently  a  low  temperature  regime,  there  should  be  a  high  temperature 
coefficient. 

No  substance  is  described  in  the  literature  for  which  all  the  above 
predictions  have  been  observed.-  However,  substances  which  show  clearly  some 
of  these  predictions  sire  not  rare;  the  other  predictions  are  absent  in  such 
cases  or  have  net  been  investigated. 

(l)  A  comparatively  large  group  of  fast-burning  explosives  is  describe-d 
in  the  literature.  Data  for  some  of  these  are  given  in  Table  26. 


TABLE  25 


Linear  and  mass  rates  of  burning  of  seme  fast-burning  explosives  at  1  atm 


Substance 

u, 

ce/  sec 

m, 

gm  cm” ^  sec*^ 

Ref. 

Lead  trinitrorcsorcinate  (lead  styphnate)  • 
C6H(N02)30  Fb.HgO 

26-27 

100 

66 

70?o  lead  styphnate  +  30/i>  trinitrc-triazidc- 
benzenc 

26 

- 

67 

lf>c/o  lead  styphnate  +  60$  talc 

14,6 

*** 

31 

Diazodinitrophenol  CgHgCNOgJgON^ 

2.15 

3.12 

31 

Mercury  fulminate  Hg(CNC)2 

1,55 

5.9 

31 

Potassium  picrate  C ( NO 2)^0K 

1.50 

2.74 

31 

Tricycloacetone  peroxide  cyDg(CHj)g 

0.95 

1.16 

31 

Comparing  Tables  26,  1  and  13  it  :.s  evident  that  at  1  atm  the  macs 
burning  rate  of  explosives  exceeds  tho  burning  rate  of  oxygon  mixtures  and 
volatile  substances  by  an  order  of  magnitude,  and  for  lead  styphnate  by  2.5 
orders  of  magnitude. 
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A  second  feature  i3  also  observed  for  lead  styphnate,  apart  from  its 

very  high  absolute  rate  of  burning  -  that  its  burning  rate  is  almost  pressure 

independent.  At  a  pressure  of  15  mmHg^  in  the  bomb,  u  s  25  to  26  cn/sec, 

but  at  50  atm  the  burning  rate  increases  to  33  to  35  cn/sec  and  remains 

66 

unchanged  over  the  range  50  to  400  atm  .  . 

Past-burning  lead  and  potassium  picrates  also  have  a  considerable  range 

of  pressure  where  the  burning  rate  is  practically  independent  of  pressure. 

Thus  for  lead  picrate  the  burning  rate  at  100  atm  gauge  is  ~26'  cm/sec  and  at 

66  69 

300  atm  gauge  ~31  cn/sec  .  For  potassium  picrate  7  the  burning  rate  is 
practically  constant  at  10  to  80  atm  and  is  k  6  cn/sec.  A  mere  complicated 
dependence  was  obtained  for  potassium  picrate  in  Ref.70:  the  burning  rate  has 
a  maximum  (ul  y  a  6  on/sec)  at  5  to  6  atm  ab3,.  then  it  decreases  slowly  to 
4.3  cn/sec  for  an  increase  in  pressure  up  to  25  atm  abs  and  after  that  it 
remains  constant  in  the  range  25  to  125  atm  abs. 

However  belov/  a  certain  pressure  the  burning  rate  of  lead  end  potassium 
picrates  begins  to  fall  rapidly  and  finally  burning  is  extinguished  (for 
potassium  picrate  at  500  mnHg  and  for  lead  picrate  at  20  atm). 

For  mercury  fulminate  over  the  whole  of  the  pressure  range  studied 

(10  mnHg  to  I50  atm)  the  burning  rate  increases  with  increase  in  pressure  (at 

p<  1  atm  abs  u  (cn/sec)  =  0.4.  +  1.1  p  (atm  abs)  and  at  p  >  1  atm  abs  u«  p  *^). 

•  *31 

It  has  been  shown,  that  at  p  <  1  atm  abs  the  rate  cf  burning  increases  with 
increase  in  pressure  also  for  trinitrotriazidobonzene  and  tricyoloacetone 
peroxide.  The  dependence  of  the  mass  rate  of  burning  cn  the  relative  density 

6  =  p/pmax  was  studied  for  mercury  fulminate.  The  mass  burning  rate 

immediately  begins  to  rise  with  decrease  in  density,  at  first  insignificantly 
and  then  very  rapidly. 

The  temperature  coefficient  (3^  =  d  In  u/dT^  for  mercury  fulminate  is 
equal  to  5»1  •  10  ^  deg  ‘  (in  the  range  20  to  105°C)^,  i.e,  it  has  the  same 
value  as  for  liquid  nitreesters  (see  Table  17)» 


^Xt  is  necessary  to  note  that,  from  the  laws  of  conservation  of  mass  and 
momentum,  the  pressure  at  the  combustion  front  i’er  fast-burning  substances  can 
greatly  exceed  the  pressure  (p^)  in  the  surrounding  volume,  and  this  effect 

becomes  considerable  at  low  p  .  Calculations^  show  that  in  the  case  of  lead 

c00 

styphnal  :  the  pressure  at  the  combustion  front  cannot  be  less  than  a  few 
atmospheres. 
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(2)  The  regime  of  flameless  combustion  for  bellistite  powders  was 

M  "7-J 

discovered  and  investigated  in  detail  by  P.F.  Pokhil  ’ '  .  Such  a  regime  can 
be  observed  only  in  a  vacuum  for  a  comparatively  narrow  range  of  pressures  and 
at  a  high  initial  temperature.  Moreover  combustion  is  flameless  not  only  in 
the  conventional  sense,  i.e.  in  the  sense  that  the  whole  of  the  heat  of 
reaction  is  emitted  in  the  condensed  phase,  but  also  in  the  literal  sense, 
since  no  luuiinosity  is  observed  above  the  surface  of  the  powder  even  in  com¬ 
plete  darkness.  The  rate  of  flameless  combustion  does  not  depend  on  pressure; 
at  a  sufficiently  high  pressure,  a  flame  appears  above  the  surface  of  the 
powder,  and  the  rate  of  burning  begins  to  increase  with  pressure  (Table  27)  • 

TABLE  27 


Dependence  of  burning  rate  of  pyroxylin  powder  on  the  pressure 
in  a  nitrogen^  atmosphere 
T0  s  90CC 


p,  mmHg 

p,  imiHg 

u,  mn/soc 

u,  im/sec 

1 

0.8 

18 

0.8 

120 

. T 

1.1 

550 

2.4 

2 

0.8 

30 

0.3 

200 

1-4 

680 

2.7 

5 

0.8 

70 

1.0 

280 

1.6 

720 

2.8 

9 

0.8  ! 

* 

410 

2.0 

ine  temperature  coefficient  of  the  burning  rate  P  =  d  In  u/dT  for 
•uhis  combustion  regime  is  high  and  amounts  to  11.2  .  10“^  deg-"*  for  the  range 
90  to  12+0°C71 . 


The  independence  of  the  burning  rate  on  pressure  for  vhe  flameless 
combustion  regime  was  also  observed  for  nitroglycerine  powder  (in  the  range 
2  to  1+0  mmHg,  when  u  =  const  =  0.9  im/scc). 


It  should  be  noted  that  the  absolute  magnitude  of  the  rate  of  flameless 
burning  for  the  given  pressure  range  has  tc  be  considered  as  high,  since  at 
20  mmHg  the  mass  rate  of  burning  cf  pyroxylin  and  nitroglycerine  powders  is 
1  to  1»5  orders  of  magnitude  higher  than  the  mass  burning  rate  of  gaseous 
mixtures  based  on  oxides  of  nitrogen^. 


wThe  data  for  gaseous  mixtures  refer  to  rocm  temperature,  but  an  increase 
of  the  initial  temperature  to  k  100cC  dees  not  change  the  order  of  magnitude  of 

the  burning  rate,  since  for  gaseous  mixtures  6  =  d  In  m/dT  k  10“ -5. 

'  m  o 
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The  mass  "burning  rates  m,  gm  cm  see  at  20  mmHg  of  pyroxylin  end 

nitroglycerine  powders  (T  «  100°C)  and  gaseous  mixtures  (a  =  l)  "based  on 

°  o  9  "  .  ' 

oxides'  of  nitrogen  (T  n  20VC)  are  given  below: 


Powder 

Gaseous  system 

Pyroxylin 

0.128 

G2H2“N2° 

0.0071  ■ :  ; 

Nitroglycerine 

0.080 

V¥> 

0.007 

0.0052,. 

h2-no2 

0.0047 

C2H2TN2° 

0.0043 

Consequently  at  2  mmHg  this  difference  can  increase  further  by  about  an  order 
of  magnitude. 

•'On  the  other  hand,  the  rate  cf  ’ordinary'  burning  of  a  powder  has  the 
same  order  of  magnitude  as  the  (mass)  burning  rate  of  gaseous  mixtures  based 
on  oxides  of  nitrogen.  Thus  at  1  atm  abs  and  18°C  the  burning  rate  of 
nitroglycerine  powder'  is  0,08  gm  can*"  see”  ,  v/hcreas  tne  mass  burning  rate 
for  mixtures  based  on  NO  (for  various  fuels)  lies  between  the  limits  0.02  to 

0.106  gm  cm  sec  (see  Table  2)  and  for  mixtures  baued  cn  N0o  v/ithin  the 

-2  -1  ^ 
limits  0.035  to  0.226  gm  cm  sec  ,  etc. 

(3)  For  nitroglycerine  powder  at  atmospheric  pressure  a  rapid  rise  in 

the  temperature  coefficient  of  the  burning  rate  with  increase  in  initial 
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temperature  was  observed  .  The  value  of  the  temperature  coefficient  of  the 
burning  rate  0U  =  d  In  u/dl^  for  nitroglycerine  powder  (cslcrific  value 
8?0  cai/g)  at,  atmospheric'  pressure  is  as  follows: 


•180  to  -100  2.5  0  to  20  7 

•100  to  -2.0  2.2  20  to  40  10.3 

-lfi  to  0  •  2.16  40  to  80  14 

-10  to  +10  4,6  80  to  100  15»4 

.100  to  120  16.1 


An  analogous  effect  was  also  observed  for  powder  N  at  1  atm  abs, 

c 

but  the  value  of  3  was  somewhat  lower  (for  Tp  =  -78  to  +2*0  C, 

3  «  6.10"3  deg"1;  at  Tq  =  2*0  to  130°0,  3  ~  12.10~3  deg"1). 

An  increase  in  3  with  increase  in  T  for  powder  N  was  also 
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observed'  at  high  pressures  (10,  20  and  50  atm). 

The  most  evident  explanation  of  this  effect  is  that  as  T^  increases 
the  role  of  the  reaction  in  the  low- temperature  zone,  in  particular  in  the 
condensed  phase,  increases*  v/ith  increase  of  Tq. 

The  absolute  magnitude  of  the  burning  rate,  in  the  range  of  Tc  studied, 
is  still  closer  tc  the  burning  rate  cf  volatile  explosives. 

(2*.)  The  mass  rate  of  burning  of  pyroxylin  decreases  perceptibly  with 
decrease  in  density  (Table  28). 


TArflVR  28 

-2 

Dependence  of  the  mass  burning  rate  m,  sm  cm  sec 
of  pyroxylin  on  density 


Density, 

grr/cm-3 

m. 

-2 

gn  cm  sec 

-1 

p  =  21  atm 

p  =  26  atm 

p  =  31  atm 

0.8 

1.21 

- 

- 

1.0 

1.29 

1.W- 

1.53 

1.3 

1.55 

1.66 

1.78 

1.5 

1.63 

1.77 

1.9S 

The  decrease  cf  burning  rate  (with  decrease  in  p)  for  pyroxylin  is 
very  much  more  pronounced  than  for  volatile  explosives,  where  it  is  associated 
v/ith  the  decrease  in  heat  release  per  unit  volume  and  with  the  corresponding 
increase  in  the  role  of  heat  losses,  see  section  2,D. 


*It  is  paradoxical,  however,  that  f.->r  nitroglycerine  powder  studied  in 
Ref. 255  the  temperature  coefficient  net  nTy  did  net  rise,  but  even 

considerably  decreased  with  increase  of  T  (at  Tq  <  60°C,  3  ~  19.  lO"-5  deg”1 

and  at  Tq  >  60°C,  3  ~  6.10  3  deg  1). 
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Thus  experimental  results  show  that  under  certain  conditions  it  is 
possible  to  observe  very  clearly  seme  features  which  are  apparently  characteris¬ 
tic  of  combustion  resulting  from  a  reaction  in  the  condensed  phased .  At  the 

same  time  there  are  usually  a  number  of  complicating  circumstances  since  in 
most  cases  the  reaction  in  the  condensed  phase  proceeds  only  partially. 

The  phenomenon  of  dispersion  must  also  be  considered.  It  was  first 
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discovered  in  the  combustion  of  mercury  fulminate  in  a  vacuum  .  A  thick 
deposit  of  a  very  fine  powder  of  mercury  fulminate  contaminated  with  mercury 
appeared  on  the  walls  of  the  bell  jar  wherein  burning  took  place.  If  this 
deposit  is  collected  and  pressed,  then  this  mercury  fulminate,  which  has 
already  been  burnt,  hums  in  the  same  way  as  fresh  merc’uy  fulminate. 

The  phenomenon  of  dispersion  was  later  investigated  in  detail  by 
P.F.  Pokhil  in  connection  with  the  combustion  of  ballistitc  powders^*' 
Dispersion  amounted  to  70]^  of  the  original  powder  for  combustion  in  a  vacuum. 

Attempts  were  made  in  a  series  cf  theoretical  investigations  to  obtain  an 
expression  for  the  rate  of  burning  resulting  exclusively  from  a  reaction  in  the 
condensed  phase  in  the  presence  of  dispersion,  in  which  case  the  rate  of  burn¬ 
ing,  in  principle,  can  depend  on  pressure.  Two  different  methods  of  approach 
to  the  problem  have  been  examined. 

(l)  It  is  assumed  that  the  burning  rate"  is  determined  by  the  rate  of 
heat  release  within  the  boundary  of  the  particles  in  the  condensed  phase  not 
detached  from  the  solid,  assuming  that  a  reaction  in  the  dispersed  particles 
and  even  more  ao  a  reaction  in  the  flame  docs  net  affect  the  rate  cf  burning. 

The  mean  density  of  the  substance  in  the  reaction  zone  is  close  to  the  density 
of  the  original  charge.  The  temperature  in  the  reaction  zone  is  low  and 
equal  to  Tfl,  the  temperature  at  the  surface  of  the  charge.  In  this  method 
of  approach  the  burning  velocity  falls  as  the  degree  of  dispersion 
increase 3*.  Unfortunately  the  mechanisms  of  dispersion  have  been  little 

studied  experimentally,  therefore  the  theoretical  expressions  (see  for  example 


n?or  powders  tho  necessary  condition  for  the  appearance  of  such  features 
i3  a  sufficiently  high  initial  temperature  of  the  powder. 

20? 

*In  the  theoretical  investigation  ",  same  conclusions  were  reached 
concerning  the  exceptionally  high  rate  of  burning  in  the  absence  of  dispersion 
and  for  pyroxylin  powder  an  estimate  was  given  cf  u  «  2500  mr./sec  *  f(p). 

This  conclusion  has  as  yet  no  experimental  confirmation  since  tho  experimental 

value  of  u  for  pyroxylin  powder  at  1  atm  abs  and  90°C  is  k  3  irm/sec^"'. 
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Ref  .202)  In  which  the  dependences  u(p) ,  u(Tq) ,  etc,  are  expressed  by  means  of 
the  dependences  T)^(p),  ^(Tq) ,  etc,  are  not  even  in  qualitative  agreement 
with  experiment. 

The  particular  case  where  is  determined  by  the  solubility  of  the 
gaseous  intermediates  in  the  liquid  layer  on  the  surface  of  the  powder  has 
been  examined  Definite  estimates  and  comparison  with  experiment  are  not 

made. 

(2)  It  is  assumed  that  the  burning  rate  is  determined  by  the  rate  of 

heat  release  in  the  dispersed  particles  or  liquid  films  which  form  in  the  layer 

of  foam.  The  mean  density  of  the  reacting  layer  is  close  to  the  density  of 

the  gas,  but  the  temperature  can  considerably  exceed  T  .  If  the  velocity 

s 

of  the  particles  and  that  of  the  gas  are  equal,  the  dependence  u(p)  is 
close  tou«  Vp. 

As  yet  little  work  has  been  dene  on  comparing  the  single-stage  models 
discussed  with  experiment.  It  is  clear,  however,  that  for  the  most  interest- 
xng  systems  the  combustion  which  is  known  to  exist  is  a  multistage  process 
and  cannot  be  described  by  means  of  such  models*. 

In  the  ccnibusticn  of  ballistite  powders  there  are  three  zones  of  heat 
release.  P.F.  Pokhil  distinguished  the  reaction  zone  of  the  condensed  phase, 
the  smoke  zone  and  the  flame  zone  (see  Refs.  2*1,  71,  202,.,  205  and  others). 

In  the  American  literature  (sec  Ref  s.22^-22^  and  others)  the  terms  foam-, 
fizz-  and  flame-zone  are  used. 

The  mechanisms  of  multistage  ccmbusticn  have  been  investigated  experi¬ 
mentally  by  analysing  experimental  data  cn  the  functions  u(p),  u(To),  etc, 
and  by  measuring  temperature  profiles  and  gas  composition  and  also  the 
distance  between  the  zones,  etc  (see  Refs.2^1,  71,  102,  103,  106,  109,  130, 

131,  169  ,  204-206,  2 2,2-22$,  etc). 

At  low  pressures,  for  ballistite  poolers,  reaction  in  the  condensed 
phase  is  rate-controlling^  ’ ^  At  pressures  of  several  tens  of  atmos¬ 

pheres  the  burning  rate  is  apparently  determined  by  the  reaction  in  the  smoke 


In  particular  for  ballistite  powders  the  experimental  function  u(p) 
shows  an  increasing  dependence  on  pressure  at  sufficiently  high  pressures  ?-39 
whereas  the  theoretical  function  u(p) ,  owing  to  a  decrease  in  the  dorree  of 
dispersion,  should  roach  saturation  at  high  pressures. 
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and  the  flan*  has  only  an  insignificant  effect  on  the  burning 
rate2^*2^2’2^.  However,  it  1b  thought  that  at  sufficiently  high 

pressures  the  flame  zone  begins  to  play  the  leading  rede. 

In,  a  series  of  theoretical  investigations  an  attempt  has  been  made  to 
modify  the  solution  of  Zeldovich  and  Prank-Kamenetsky  or  ether  analogous 
solutions  by  means  of  successive  transitions  from  one  stage  to  the  next, 
taking  into  account  the  heat  release  at  the  given  stage  and  the  flow  of  heat 
from  the  other  stages.  An  examination  has  been  made  of  the  more  particular 
problem  where  there  is  a  single  reaction  zone  and  a  fixed  heat  flow  from  out- 

i 

side  (see  Refs.203,  207-212,  2lfi,  22*1  and  others).  However  it  has  not  yet 
been  possible  to  find  an  expression  which  will  give  in  an  explicit  form  the 
dependence  of  the  rate  of  multistage  burning  on  the  pressure,  the  initial 
temperature,  etc,  for  a  given  kinetic  reaction  in  each  stage. 

The  only  case  that  is  really  clear  from  the  theoretical  point  of  view  is 
that  in  which  one  of  the  stages  plays  the  leading  role  (see  section  10,A). 
However,  experimental  methods  which  would  enable  us  to  establish  the  presence 
of  only  one  leading  stage  of  combustion  have  not  yet  been  devised. 

On  the  other  hand  experimental  techniques  can  be  successfully  applied  to 

vhe  case  where  one  of  the  zone3  has  practically  no  effect  on  the  burning  rate, 

/ 

because  it  is  located  too  far  away  from  the  surface  of  the  charge  and  the 
other  combustion  zones,  although  the  main  part  of  the  heat  cf  reaction  may  be 
evolved  in  the  zone  concerned  (see,  for  example.  Ref. 247) •  Thi3  case  has 

drawn  the  attention  of  theoreticians  to  consider  how  such  a  zone  is  maintained 
at  a  fixed  distance  from  the  surface  of  the  charge  and  is  not  carried  away 
by  the  product  gas  stream.  The  most  convincing  explanation  (see  Refs. 213, 
214,  22jD,  26q)  i3  that  in  such  a  zone  the  spontaneous  ignition  of  the  inter¬ 
mediates  formed  in  previous  stages  occurs  and  thus  guarantees  an  Automatic 
adjustment  of  the  burning  rate. 


A?ith  an  increase  in  the  degree  of  dispersion  the  rate  of  heat  release 
can  ‘decrease  in  'the  condensed  phase  end  increase'  in  the  smoke  zone.  However, 
the  rate  of  burning  can  in  principle  decrease  cr  increase.  The  double  role 
of  dispersion  can  al30  to  some  extent  appear  even  in  flameless  combustion; 

•in  this  case  owing  to  a  trivial  effect:  the  detachment  and  transport  of 
particles  result  in  a  discontinuity  in  the  condensed  phase.  In  this  sense 
the  burning  velocity  is  the  sum  of  the  velocity  of  gasification  and  the 

velocity  of  dispersion2^52. 
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'CHAPTER  II 

BASIC  PROCESSES  DETERMINING-  THE  BURNING  RAJS  OF  CONDENSED  MIXTURES: 

THEORY  OP  COMBUSTION  OP  CONEENSED  MIXTURES 

The  combustion  of  mixtures  cf  solid  fuels  and  oxidizers  is  more  complex 
than  the  other  ferns  of  combustion  discussed  above.  In  the  general  case  it 
is  a  multidimensional,  multistage  process  and  depends  on  both  kinetic  and 
diffusion  factors.  The  burning  rate  of  condensed  mixtures  depends  only  on 
those  processes  which  occur  in  a  very  narrow  zone  adjoining  the  uhbumt 
mixture.  It  is  only  in  the  limiting  case  of  sufficiently  finely  dispersed 
mixtures  of  volatile  components  that  combustion  proceeds  in  the  purely  kinetic 
regime  and  the  combustion  front  becomss  plane. 

6  RATE  C1F  MIXING  OF  FUEL  AND  OXIDIZER 

In  order  that  the  components  of  a  condensed  mixture  may  react  with  one 
another,  mixing  must  take  place  sufficiently  rapidly  in  the  preheating  zone  or 
the  reaction  zone. 

A  INFLUENGE  OP  THE  AGGREGATE  STATE  ON  CHARACTER  AND  RATE  OF  MIXING-  OF 

COMPONENTS 

The  aggregate  state  of  the  fuel  and  oxidizer  in  the  preheating  zone  and 
reaction  zone  has  a  pronounced  effect  on  the  rate  of  mixing  and  the  character 
of  the  mixing.  If  the  uribumt  mixture  is  a  mixture  of  two  solid  components, 
then  in  the  preheating  zone  and  the  reaction  zone  each  ccnponent  can  either 

remain  in  the  solid  phase,  or  liquefy  or  vaporize.  There  are  therefore  six 

.  .  81 
variants 

(l)  s  +  s;  (2)  s  +  l;  (3)  s  +  g;  (a)  1  +  1;  (5)  1  +  g;  (6)  g  +  g. 

The  mixing  of  the  components  before  the  beginning  of  the  reaction  can 
take  place  oily  when  the  fuel  and  oxidizer  (or  their  decomposition  products) 
possess  sufficient  mutual  solubility.  This  condition  is  almost  always 
fulfilled  in  case  (6)  and  hardly  ever  in  cases  (3)  and  (3),  since  the  number 
of  grams  of  ga3  which  oan  be  dissolved  or  absorbed  in  a  gram  of  liquid  or 
solid  is  extremely  small  in  comparison  with  the  usual  weight  relationships 
between  the  components  in  condensed  mixtures. 

Thus  in  case  (6)  g  +  g  and  also  in  cases  (l)  s  +  s,  (2)  s+l  and 
(4)  1  +  1  (for  components  with  sufficiently  high  solubilities)  mixing  nay 
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take  place  only  partially,  but  for  sufficiently  finely  divided  mixtures 

completely,  before  the  beginning  of  the  reaction.  On  the  other  hand  in 

cases  (3)  s  +  g  and  (5)  1  +  g,  which  correspond  no'tHe  combustion  of  a 

suspension  of  volatile  particles  or  Crops  in  s’  ’stream’  of  gas,  mixing  can  take 

“  81 

place  only  simultaneously  with  the  reaction  .  The  state  of  aggregation  of 
the  components  can  also  have  a  great  effect  on  the  rate  of  mixing  and  the 
width  of  the  mixing  zone.  In  cases  (6)  g  +  g,  and  also  (1)  s  +  s, 

(2)  s  +  1  and  (4)  1+1  the  width  of  the  mixing  zone  in  accordance  with 
equation  (17)  is  expressed  by  the  proportional  relationship 

V*taa2/0~E 


where  m  is  the  mass  rate  of  burning.  The  'state  of  aggregation  affects  tha 
magnitude  of  C  D,  where  C  is  the  concentration  of  the  diffusing 

OO  00 

component  at  a  great  distance  from  the  surface  of  contact  of  the  components 
and  D  is  the  coefficient  of  diffusion.  If  the  particle  diameter  of  the 
components  is  not  too  large,  mixing  takes .  place  by  molecular  diffusion.  If 
the  particle  diameter  is  sufficiently  largo,  convective  mixing  can  also  occur 
(see  below). 

3  VALU3  OF  MOLECULAR  DIFFUSION  CCEE'FICIMT  IN  VARIOUS  MEDIA  . 

There  are  numerous  data  on  the  diffusion  coefficient  (especially  for 
gases).  However  all  the  data  for  gases  relate  either  to  self  diffusion  or  to 
diffusion  in  binary  mixtures  (or  in  air).  Por  multicomponent  mixtures  (to 
which  belong  the  products  of  combustion  of  any  real  system)  there  are  no 
experimental  data,  nor  any  basic  methods  of  calculating  the  diffusion 
coefficient.  The  majority'  of  the  experimental  data  for  binary  mixtures  is 
for  not  very  high  temperatures*. 

The  diffusion  coefficient  in  gases  is  usually  obtained  from  the  equation 


♦Results  for  the  diffusion  coefficient  of  some  metal  vapours  in  a  flame 
at  T«  12}00-1800oC  are  given  in  Ref. 88. 


2 

where  D  is  the  diffusion  coefficient  in  cm  /sec  at  p  -  1-aim  abs  and 
o 

Tq  =  273°K«  Depending  on- the  nature  of  the  mixture  the  value -of  DQ  can 
change  by  at  least  an  order  of  magnitude.'  Mixtures  with  hydrogen  are  out¬ 
standing  for  their  high  values  of  D  .  For  saturated  hydrocarbons  D 

°  °  30  82  83 
decreases  monotonically  v/ith  increase  in  length  of'  the  hydrocarbon  chain  *  *  : 


Gas  (in  a  mixture 
with  air) 

H2 

C°2 

C2H6- 

<¥12 

°10H22 

Dq,  cm^/sec  [30] 

0.611 

0.138  [82] 

0.196 

0. 108 

0.067 

0.02*6  . 

Equation  (43)  is  empirical;  the  value  of  the  exponent  n  is  determined 
for  a  given  mixture  from  the  experimental  points.  Therefore  equation  (43) 
does  not  permit  a  reliable  extrapolation  to  be  made  beyond  the  limits  of  the 
temperature  interval  investigated.  For  a  reasonably  wide  range  of  temperature 
it  is  usually  assumed  that  n  =  constant,  where  n  lies  within  the  limits 
1.5  to  2.0  (see  Refs. 84,  30  and  others).  The  value  of  n  is  frequently  taken 
to  be  1.75*  However  for  a  closer  approximation  to  the  experimental  data  n 
is  temperature  dependent.  Thus  in  Ref. 85  the  coefficient  of  self  diffusion 
of  COg  in  the  interval  200  to  1700°K  is  taken  to  be  D  {cm~/ see)  =  O.O967  (T/273)n» 
where  n  =  1.81  h  0.035  (t/273). 

The  relationship  D  0=  i/p  which  follows  from  equation  (43)  shows  a 
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smaller  dependence  of  D  on  p  than  is  actually  observed  *  *  ;  thus  for 

86 

the  system  Hg-Ng  the  following  values  were  obtained  : 


p,  atm 

2  -1 

pD,  atm  cm  sec 

| 

p,  atm 

pD,  atm  cro^  sec  ^ 

T  =  273°K 

T  =  473  °K 

T  =  273°K 

T  =  473°K 

1 

0.708 

1.86 

100 

0.570 

1.425 

50 

0.570 

1.44 

200 

0.562 

1.474 

In  most  papers  the  value  of  D  is  given  without  any  indication  of  the 

concentration  to  which  it  refers.  There  is,  however,  a  considerable 

86  87 

dependence  of  I)  on  concentration  D(C)  *  .  Thus  for  exanple  the  following 

values  were  obtained  for  the  mixture  Ng-CX^  at  301  °K®^: 
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Mixture 

■ - - - 27“ 

D,  cm  /sec 

,p  =  6  atm 

p  =  24  atm 

~o  n2  +  ~i.o  co2 

0.027 

0.005 

0.5  n2  +0.5  co2 

0.030 

O.OO65 

0.75  n2  +  0.25  co2 

0.032 

0.007 

- -  i 

In  tliis  case  D  increases  as  the  content  of  the  lighter  component 
inoreaaes,  which  seems  natural. 

For  the  diffusion  coefficient  in  the  liquid  and  solid  phases  the  equation 


D 


e-E/KD 


is  used,  where  D„  denotes  the  coefficient  of  diffusion  for  T  -*■  <x>  and  E 
is  the  activation  energy.  The  values  of  D*  and  E  are  determined  by  the 
experimental  points  and  show  a  much  greater  dependence  on  the  nature  of  the 
substance  than  the  values  of  Dq  and  n  in  equation  (43)  for  gas  mixtures. 

The  diffusion  coefficient  in  the  liquid  and  solid  phases  depends  on  the 

concentration  of  the  diffusing  substance.  In  aqueous  solutions  the  function 

D(c)  shows  a  weak  and  ill-defined  dependence  of  D  on  C.  With  increase  in 

concentration  the  diffusion  coefficient  can  decrease,  remain  approximately 

82 

constant  or  increase,  depending  on  the  nature  of  the  substance  .  There  are 

82 

also  data  cn  the  dependence  D(C)  for  diffusion  in  alloys  •  For  the 
diffusion  of  aluminium  and  zino  in  copper  the  diffusion  coefficient  increases 
rapidly  with  concentration: 


C,  atoms  fa 

°AI“* 

°A1=12 

°Zn  =  ^ 

°Z»  "  12 

D, cm2/seo 

-10 

4,24 .  10  ' 

2.64  .  10"9 

3.72  .  io~10 

3.33  .  io“: 

(800°C) 


The  dependence  cf  the  coefficient  of  diffusion  in  the  liquid  and  solid 
phasos  on  pressure  is  evidently  slight,  as  shown  by  the  following  values  for 
the  coefficient  of  self  diffusion  in  liquid  C02  (Rof.82): 


71 


138 

2^04  .  10"5 


307 


83 


i 


p,  atm 
D,  on?/ sec 


2^56  .  10"5 


We  have  seen  (see  equation  ( 17) )  that  the  rate  of  mixing  depends  on  the 
product  D  cc  pD  (for  a  gas  D  «  pD  «  (Dq  pQ  p/RTo)  (T/C0)n“1  *  f(p)). 
The  value  of  D  'for  diffusion  in  the  gaseous,  liquid  and  solid  phases  can 
now  be  considered. 

For  binary  gaseous  mixtures  the  value  of  D  lies  within  the  limits 

2  o  _ 

<0.05  to  1  cm /sec.  Taking  n  =  1.75  a  reasonably  reliable  value  at  10G0°C 

2*  _  x 

is  obtained  for  a  0.7  to  15  cm  /see  and  pD  =  3»10  ^  to 

gm  cm  sec  .  At  2003°C  only  a  rough  value  can  be  deduced  because  of  the 

2 

wide  extrapolation.  For  n  =  1.75,  this  gives  D.  ,  ,  =  2  to  2)0  cm  /sec: 

i  atm  aos 

pD  ss  -5.10  **■  to  5.10  gm  cm  3ec  . 

The  evaluation  of  B  for  diffusion  in  the  liquid  and  solid  phases 
lies  between  much  wider  limits  and  is  less  reliable.  Some  data  on  the 
diffusion  coefficient  are  given  in  Table  29. 

There  are  also  data  for  diffusion  in  solid  and  fused  salts  at 

m  ^  82 

T  <  2)00  to  700  C  . 

For  diffusion  across  oxide  films  the  value  of  C  is  limited  by  the 
solubility  of  the  metal  or  oxygen  in  the  oxide.  For  solid  Gr^O  at  1000  C 
CCr  <  1019  atoir/cm^  k  10  ^  gn/cm^  (Ref.93)» 


TABLE  29 

Range  of  values  D  (cm^/seo)  for  diffusion  in  liquid  and  solid  phases 


System 

Temperature,  °C 

1000 

2000 

Fe  ->  FeS  (liq) ;  Fe  ->  CUgS  (liq)M 

Si;  Ti;  V;  Nb  in  liquid  cast  iron^O] 

Fe;  Co;  Oa;  Si;  Nb;  V;  Ti;  Zr  in  melt  of 
45%  OaO;  47%  A1202;  6%  MgO;  2%  B^^l] 
Fe;  Ni;  Ca;  Si;  Nb;  V;  0  in  molt  of 
lO/o  CaO;  2)0%  SiO?;  20/,  Al^^1  »92] 

6.10”13  to  3.10~2f 
(in  most  cases 
10-9  to  10“5) 

5.10"5  to  5.1 0-2 

Cr ->  GrgO^  (solid)  1-93] 

0->U02  (solid) M  A1203  ( solid) M 

0  -»  Ti;  Zr;  Nb;  Ta  (solid)  [96] 

-22  -7 
5.10  to  4.10  ‘ 

(in  most  cases 

10~5  to  10"7)  | 

10“9  to  10“2f 
(in  most  cases 
10"5  to  10“^) 

8k 

Since,  however,  in  most  cases  data  on  C  are  not  .available  the  product  C  D 

77  ,  CO  00 

may  be  evaluated  taking  Cal  gm /car  (Table  }0), 

OO 

TABLE  30 

/  -»i  -1% 

Range  of  values  of  C  D  (gm  cm  sec  ) 


T,  °0 

Gas  phase 

Liquid  phase 

Solid  phase 

1000 

3.10“^  to  3-10”3 

6.10"13  to  3. 10**^ 

5.10“22  to  1*.10~7 

2000 

5.10*’^  to  5.10"3 

i  ■  i 

5.10”5  to  5»  IQ*"2 

-9  -k 

10  7  to  10  * 

Thus  for  T  <  1000°C  the  rate  of  mixing  in  the  gas  phase  is  considerably 
higher  than  in  the  liquid  phase  and  even  more  so  than  in  the  solid  phase. 

With  increase  in  temperature  this  difference  decreases,  but 'nevertheless  at 
2000°C  the  rate  of  maxing  in  the  gas  is  still  several  orders  of  magnitude 
higher  than  in  the  solid  phase  especially  when  the  fact  that  in  the  solid 
phase  can  be  small  is  considered.  However,  the  molecular  transport  velocity 
in  the  fused  state  at  2000°C  is  of  the  same  order  as  the  transport  velocity  in 
the  gas. 

It  should  be  remembered  that,  in  addition  to  molecular  diffusion  in  the 
ga3  phase,  convective  mixing  of  the  components  can  also  take  place  (see 
section  6,D).  The  transport  velocity  by  convection  in  a  melt  can  be 
considerably  lower  than  in  the  gas  because  of  the  much  higher  viscosity  of  the 
melt.  However  for  systems  whose  components  fuse  before  vaporization,  or 
vaporize  with  the  formation  of  a  liquid,  the  liquid  layer  may  be.  sprayed  with 
ga3  and  a  drop  of.  the  liquid  (or  .dissolved)  component  can  be  transferred  to  the 
reaction .  zone,. 

C  RATE  OF  VAPORIZATION  OF  FUELS  AND  OXIDIZERS 

In  so  far  as  the  state  of  aggregation  of  the  components  strongly  affects 
their  rate  of  mixing,  the  question  of  tho  rate  of  vaporization  of  the 
components  becomes  of  interest. 

During  the  burning  of  ordinary  disordered  mixtures  where  the  oxidizer 
crystals  alternate  successively  with  layers  of  fuel,  the  preheating  and  . 
vaporization  of  each  particle  occur  in  a  non-stationary  regime.  The  rate  of 
vaporization  w  =  w(t)  of  the  oxidizer  crystals  and  fuel  layers  can  be 
measured  by  means  of  high-speed  cinematography.  However  for  various  reasons 


this  is  a  difficult  operation  since  it  is  necessary  to  take  the  photograph 
with  suff  icient  magnification  and  .with,  very  short  exposure;  photography  is 
made  more  complicated  by  the., presence  pf  flames  and  smoke,  and  in  a  number  of 
cases  by  the  presence  of  a  condensed  residue  on  the  burning  surface  and  so  on. 
It-  is  therefore  not  surprising  that  even  the  best  series  of  photographs  of 
the  burning  surface  allow  only  very  limited  deductions  to  be  made. 

The  rate  of  non-stationary  vaporization  must  depend  to  a  great  extent 
cm  the  heat  required  for  the  preheating  and  vaporization  of  the  particle. 
Moreover,  if  a  kinetically  controlled  decomposition  flame  is  located  in  the 
imnediate  proximity  of  the  surface  cf  a  particle,  then,  considering  the 
burning  zone  as  a  whole,  the  calculation  of  the  heat  of  vaporization  of 
particles  must  include  the  emission  of  heat  in  this  flame.  Prom  this  point 
of  view,  the  vaporization  of  NH^CIO^  and  NH^NO^  811  exothermal  process  *  , 

although- vaporization  at  the  surface  of  NH^CIO^  and  NH.NO^  crystals  takes 
place  with  the  absorption  of  heat:  NH^ClO^(s) -»  NH^  (g)  -f-  HC10^(g)  - 58  kcal/mole; 

(s)  NHj  (g)  +  HNO^  (g)  -  keal/mole.  On  the  other  hand  the 
vaporization  of  fuels  requires  considerable  heat  transfer  from  the  combustion 
zone,  since  the  heat  of  depolymerization  of  typical  polymers  is  10  to  25  kcal/ 
mole  (Table  31 ),  and  the  heat  of  vaporization  of  the  corresponding  monomers  is 
5  to  10  kcal/mole^. 

Comparative  data  cn  the  rate  of  non-steady  vaporization  cf  various  sub¬ 
stances  could  obviously  be  obtained  by  determining  the  time  of  vaporization 
of  a  particle  of  a  given  size,  which  at  the  moment  t  =  0  is  suddenly  moved 
into  a  stream  of  gas  at  a  given  pressure  and  temperature.  As  the  time  of 
vaporization  t  becomes  shorter,  the  rate  of  vaporization  w  -  d/2v  becomes 
larger.  However,  such  an  experiment  has  not  been  carried  out. 

On  account  cf  the  difficulties  associated  with  the  determination  of  the 
non-steady  rate  of  vaporization,  the  relative  case  of  vaporization  for  various 
substances  has  boon  evaluated  using  data  which  were  obtained  during  their  slow 
thermal  decomposition  and  also  during  the  steady  vaporization  of  sufficiently 
thick  laminae  of  fuel  or  oxidizer  (by  the  heat  transfer  from  a  hot-plate  or  a 
hot  gas  stream  or  during  the  combustion  of  a  lamina  of  fuel  in  an  oxidizing 
atmosphere,  or  during  the  ccmbusticn  of  a  lamina  of  oxidizer  in  a  fuel  gas, 
and,  in  the  case  of  NH^CIO^  and  NH^NOy  also  in  an  inert  atmosphere). 

Naturally  the  mechanisms  of  vaporization  can  differ  considerably  in  changing 
from  one  system  to  another  and  can  differ  to  an  even  greater  extent  from  the 
mechanisms  of  non-steady  vaporization  during  combustion. 


TABLE  31 

Heat  of  polymerization  and  products  of  decomposition  of  3 one  polymers 


Polymer 

Heat  of  polymeriza¬ 
tion,  koal/mole 

Products  of  decomposition 

Polymethylmethacrylate 

10.13^] . 

Monomer  (95f^1283.  >90^^) 

Pclyis  obutylene 

12.3-12.8^ 

Monomer  26-50^  28'22^ 

Dimer,  trimer,  tetramer^ 

Polystyrene 

16.1-16.7^ 

1?[2^3 

Monomer  30-65^"^;  ~65^2^; 
Dimer,  trimer,  tetramer^2^ 

Polybutadiene  ^ 

17-20 

Monomer  20-30^;  higher 
molecular  weight  products 

Polyethylene 

22-25^^ 

Monomer  (up  to  1^59'  128, 2]$] ). 
higher  molecular  weight 

products*-22^ 

In  particular,  it  is  necessary  to  consider  the  effect  cf  pressure.  In 
spite  of  the  scantiness  of  experimental  data,  it  may  he  deduced  that  pressure 
has  no  effect,  .or -a  very  small  effect,  cn  the  rate  of  vaporization  during  slow 
thermal  decomposition  and  also  during  the  vaporization  of  a  fuel  cn  a  hot¬ 
plate  or  in  a  stream  cf  hot  inert  gas  (for  Re  =  constant).  Thus  an  inci-ease 
cf  pressure  cf  nitrogen  from  1  atm  to  100  atm  at  260CC  had  practically  no 

effect  on,  and  at  230 °0  only  insignificantly  increased,  the  rate  of  thermal 

101  * 

deo ^.position  of  NH^CIO^  .  An  increase  in  the  pressure  of  nitrogen  from 

1  to  7  atm  abs  did  not  have  any  effoot  cn  the  rate  of  pyrolysis  w  on  a  hot- 
113  * 

plate  .  A  similar  result  was  obtained  for  the  range  1  to  26  atm  for 

233 

pyrolysis  of  KH^CIO^  on  a  porous  plate  in  the  case  of  a  solid  plate  the 
rate  of  pyrolysis  increased  with  increase  in  pressure  at  the  given  temperature 
cf  the  plate,  but  this  effect  results  from  experimental  error2'*'*. 

In  the  case  cf  the  diffusive  burning  of  a  pcGyner  plate  on  increase  in 
pressure  can  evidently  increase  the  rate  of  vaporization  considerably, 
although  the  way  in  which  the  surface  temperature  of  the  plate  changes  during 
this  process  was  not  examined.  The  results  obtained  by  indirect  means,  such 
as  the  increase  with  inorease  in  pressure  of  the  rate  of  burning  of  a  liquid 
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with  a  free  surface  (see  section  3>B)  and  of  the  rate  of  burning  of  a  drop 

(see  seotion  4*B),  and  also  the  result  obtained  ^  for  a  plate  of  vinyl 

plastic  in  contact  with  a  layer  of  KC10.  (see  section  13)  confirm  this.  In 

^  no 

the  range  10  to  atm  the  relationship  w#  p  '  was  found  for  the  -linear 
rate  of  pyrolysis  w. 

Finally  for  the  combustion  of  NH^CIO^  and  NH^NO^  where  a  kinetically 

controlled  decomposition  flame  is  near  the  surface,  the  rate  of  vaporization 

w  =  u  depezxls  to  a  great  extent  on  pressure  (see  section  19)*  At  the  same 

time  in  the  range  of  high  pressures  high  values  of  w  can  be  attained,  thus 

121 

for  NH.C10,  at  1000  atm  w  =  u  a  i+0  nn/sec  was  obtained  *  Data  on  the 

dependence  of  the  surface  temperature  T  of  burning  strands  on  the  pressure 

s 

are  ambiguous:  an  increase  in  the  surface  temperature  with  increase  in 
pressure  was  observed  far  NH^CIO^  although  the  data  are  only  reliable  for  low 
pressures,  whereas  for  NH.NO,,  T  *  f(p)  (see  below). 

Other  differences*  in  the  mechanisms  of  vaporization  also  occur  during 
slow  thermal  decomposition,  in  the  stationary  preheating  wave  and  during  the 
burning  of  actual  mixtures.  Nevertheless  comparative  data  cn  the  rate  of 
vaporization  during  slow  thermal  decomposition  and  also  in  the  stationary 
preheating  wave  are  of  great  interest  for  the  theory  of  combustion  of  systems 
of  mixtures. 

First  we  shall  consider  the  slow  decomposition  of  a  weighed  portion  of 
substance,  uniformly  heated  to  a  certain  (not  too  high)  temperature  that  is 
kept  constant,  or  rises  slowly  with  time.  The  rate  of  vaporization  in  this 
case  is  determined  by  the  rate  of  evolution  of  gas,  i.e.  the  number  of  grams 
of  gas  for  1  gram  of  the  specimen  in  unit  time.  In  practice  arbitrary  units 
are  used:  the  time  for  decomposition  of  a  given  percentage  of  the  substance 
at  a  given  temperature;  the  temperature  at  which  a  given  percentage  is 
decomposed  in  a  given  time,  etc. 


♦Thus  for  example  in  Ref.  11 3  it  was  shown  that  an  addition  of  3%  (NH^Cr^ 

increases  the  rate  of  slew  thermal  decomposition  of  r1H.N0,  by  several 

4  3 


orders  of  magnitude  and  increases  the  burning  rate  of  compositions  based  cn 
NfrjNOj  by  approximately  a  factor  of  two,  but  has  no  effect  at  all  cm  the  rate 


of  pyrolysis  of  NH^NO ^  on  a  hot-plate.  The  increase  in  molecular  weight  of 


a  polymer  has  a  pronounced  effect  on  its  rate  of  vaporization  on  a  heated 
plate,  but  has  little  effect  cn  the  burning  rate. 
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The  actual  form  of  the  kinetic  curves  (degree  of  decomposition  v.  time) 
can  be  very  complex.  It  depends  on  temperature,  on  the  presence  of  additives 
and  impurities,  the  atmospheres  in  which  the  test^  was  carried  out,  etc.  In 
particular,  the  mechanism  of  decomposition  of  NH.C10,  is  much  complicated  by 

O  *f 

the  presence  at  2 C  of  the  phase  transition: 


NH.  CIO.  - > 

4  4 

NH  C10,  -2.3  keal/mol 

4  4 

( orthorhombic 

(cubic 

p  =  1.95  gir/cm^) 

p  =  1.76  gm/cm^)  . 

In  addition,  at  T  k  300°C  the 

decomposition,  of  NH^CIO^  proceeds  only 

partially,  although  the  residue  is  identical  with  the  initial  NH^CIO^  (see, 
for  example.  Refs.  100  and  101,  which  contain  a  bibliography  on  this  question). 

Examination  of  the  actual  mechanisms  of  slow  thermal  decomposition 
would  be  beyond  the  scope  of  this  book.  Thus,  only  the  respective  data  on 
the  mean  rates  of  vaporization  of  various  substances  will  be  examined.  For 
polymers,  there  are  similar  data  in  Refs. 99,  128  and  elsewhere.  The  relative 
order  in  which  polymers  increase  in  stability  may  depend  on  temperature 
(Fig.  17).  However,  many  polymers  can  be  listed  unambiguously  in  accordance 
with  their  tendency  to  vaporization;  polyformaldehyde  vaporizes  easiest  of 
all,  then  polymethyl  methacrylate,  then  polyisobutylene  and  polystyrene,  etc. 
The  most  thermally  stable  is  polytetrafluoroethylene  (Teflon,  Fluoroplast-4)  • 

The  mechanism  of  vaporization  in  a  stationary  preheating  wave  is  now 

considered.  In  this  case  the  rate  of  vaporization  is  determined  as  the 

linear  velocity  w  of  disappearance  of  the  condensed  phase  at  a  definite 

value  of  the  temperature  T  '  on  the  surface  of  a  layer  of  component.  In 

s 

accordance  with  this  definition,  those  substances  vaporize  more  easily  for 

which  w  is  higher  for  a  given  T  (or  T  is  lower  for  a  given  w). 

s  s 

Initially,  let  us  examine  the  data  of  vaporization  in  a  flow  of  hot  gas 
and  during  heating  on  a  hot-plate.  There  is  a  large  number  of  works  dealing 
with  ablation,  i.e.  the  mass  carried  away  in  a  flow  of  gas.  Without  attempt- 
ing  to  summarize  all  of  them,  a  few  will  be  considered.  The  condition  of 
interest  to  us  is  when  ablation  proceeds  basically  on  account  of  vaporization. 

The  ablation  of  a  series  of  homogeneous  and  reinforced  plastics  has  been 
studied  in  a  flow  of  the  combustion  products  of  the  mixture  C_Ho-0„  at  ~30C0°C 

110,  die. 

*and  1  atm  abs  or  of  air,  heated  in  an  arc  discharge,  in  conditions  when  the 

*Tlws,  for  example,  the  presence  ef  oxygen  strongly  modifies  the  mechanism  of  thermal  decomposi¬ 
tion  of  polymers  (see  e.g.  Ref. 129).  It  maXes  a  difference,  also,  whether  the  decomposition  preducts 
are  removed  or  accumilate  In  fee  vessel  In  which  the  experiment  is  made,  in  which  case  the  ratio  of  the 
mass  of  the  substance  under  investigation  to  the  volume  of  the  vessel  Is  Important. 
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enthalpy  of  air  amounted  to  6600  BlU/lb  ~  3670  cai/gm,  and  the  heat'  flow  to  the 
^  »*}  ^.0  k  \  , 
specimen  was  1500  BTU  ft  sec  «  360  cal  cm  *"  sec  (Ref « ill) •  The- rate  of 

vaporization  for  teflon  amounted  to  0. 1+5  nn^sec"^  or  0.89  nn/sec  ,  and  for 

nylon  0.51  im/ sec^^.  The  surface  temperature- -reached  5i*0°0  for  teflon  or 

'<  520°c11 and  for  nylon  1260°C^. 

.Measurements  of  the  rates  of  loss  of  weight  fi  (gnj/sec)  of  a  specimen 
(0  =  12.7  mm,  h  =  25.4  mm)  of  plastic  in  a  term  gas-oxygen  flame 
(T  s  2500-3000°c)  have  been  made”^: 


Nylon 

0.180 

Polyethylene 

0.043 

Polystyrene 

0.052 

Graphite 

0.001  . 

Perspex 

0.045 

With  nylon  and  to  a  lesser  extent  with  polystyrene  and  polyethylene,  drops  of 
melted  polymer  were  observed  to  be  carried  away  by  the  flow.  Consequently 
the  quoted  values  do  not  allow  the  relative  rates  of  vaporization  to  be 
assessed. 

The  rates  of  vaporization  (w,  rar/sec)  of  cylindrical  specimens 
( 0  =  10  mm,  h  =  12  mm)  of  fuei3  in  the  flame  of  a  charge  (0  =  6 0  ran)  of 
ballistite  powder  (at  1  atm  abs)  have  been  measured  by  the  authors.  The 
specimen  was  given  an  inhibitory  coating  on  the  longitudinal  surface  and  was 
rotated  on  its  axis  at  several  revolutions  per  second  to  avoid  asyranctry  of 
ocnibustion  and,  trickling  of  liquid  drops  in  the  case  of  fuels  which  melt. 

The  rate  of  vaporization  (measured  by  the  loss  of  weight  during  the  experi¬ 
ment,  which  lasted  for  20-30  seconds)  was  very  small: 

Polystyrene  0.01 5  Polyformaldehyde  0.030 

Perspex  0.022  Urotropine  0.035  . 

For  urotropine  the  magnitude  of  w  is  evidently  raised  by  the  snail  crystals 
of  urotropine  cracking  during  rapid  heating. 


There  is  a  series  of  works  (Refs. 112-116,  233,  etc)  in  which  the 
vaporization  of  specimens  of  perspex,  NH^CIO^,  NH^NO^  and  NH^Cl  pressed  on  to 
a  hot-plate^  was  studied  (usually  at  1  atm  abs).  The  rate  of  vaporization  is 
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measured  by  the  displacement  of  the  specimen.  The  temperature  on  the 

surface  of  the  plate  facing-  the  specimens,  or  on.  the  reverse  side  of  the  plate, 
233 

is. measured  by  means  of  thermocouples. 

The  magnitude  cf  T^,  with  the  corresponding  correction  or  without 
correction,  is  assumed  to  be  equal  to  the  temperature  Tfi  on  the  surface  of 
the  specimen.  In  pyrolysis  experiments  on  a  solid  plate  there  is  a  gap 
between  the  specimen  and  the  plate  along  which  the  products  of  vaporization 
flow  out  laterally.  Consequently  there  is  a  temperature  difference 
AT  =  T^  -  Tg  between  the  plate  and  the  specimen*.  This  gap  can  be  reduced 
significantly  if  a  porcus  plate  is.  employed  through  which  the  vaporization 
products  can  be  pumped  away. 

For  substances  capable  of  self-sustained  ocmbustion,  e.g.  NH^CIO^, 

NHjNOj,  at  sufficiently  high  T_^  there  is  a  kinetic  flame  between  the  surface 
of  the  charge  and  the  heated  plate,  and  the  regime  of  pyrolysis  is  completely 
ohanged.  According  to  Ref. 233,  pyrolysis  in  the  presence  of  burning  can  be 
studied  only  on  a  porous  plate,  since  the  seattor  of  the  experimental  points 
is  very  wide  for  a  solid  plate. 

For  all  the  cases  studied,  the  experimental  points  plotted  ax  In  w, 
l/Ta  coordinates  fall  around  a  straight  line,  i.e.  they  satisfy  the 
relationship 

-E/2RT 

w  =  Ae  • 

Values  of  A  and  E  for  sane  substances  are  given  in  Table '32.  The  data  of 
the  various  /Authors  differ  widely. 

i 

Next  let  us  consider  vaporization  during  the  diffusive  combustion  of  a 
layer  of  fuel  in  a  gaseous  oxidizer.  Tho  burning  out  of  a  channel  in  a  block 
of  polymer  with  a  given  flow  of  oxygen  through  the  channel  (wffi  was  calculated 
from  the’ loss  of  weight  during  the  burning  period  t)  was  investigated  in 
Ref.  122.  For  perspex  at  1  atm  abs  w  s  0,1  rn^/seo,  T  «  335-390°C,  the 
magnitude  of  falls  with  increase  of  t.  The  incorporation  in  perspex 

•An  approximate  estimate  for  AT  ?I,  -  T  for  the  pyrolysis  of  perspex 
is  quoted  in  Ref.  11 4:  P 

i 

wf  mny'sec  Oil  0.2  0.3  0.4  0.5 

AT,  °C  6  14.5  25  40  60 
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of  0.25*  or.  0.5%  of  carbon  black,  J>0  or  60 %  of  aluminium,  or  30?»  titanium 
hydride  does  not  change  the  rate  of  vaporization.  The  magnitude  of  w  for 

*  *  1  1 

polyethylene  is  approximately  the  same  as  for  perspex,  but  for  polystyrene  is 
significantly  higher  (cr.  account  of  the  trickling  of  liquid1  drops). 

The  burning  rate  of  strips  ( 1  in  x  6  in,  thickness  ^  in)  of  butyl  rubber, 
polyurethane  rubber  and  copolymer  of  butadiene  and  acrylic  acid  has  been 
measured*^  in-  a  stream  of  Og,  Fg  anc^  fixtures  of  Og-Fg*  va^ue  w 

for  fluorine  is  higher  than  for  oxygen,  but  approximately  the  same  for  the 
three  polymers  studied.  I’or  small  rates  of  gas  flow  the  value  of  w  depends 
to  a  great  extent  on  the  flew  rate  and  is  almost  independent  of  pressure 
(evidently  the  diffusion  regime).  Cn  the  other  hand  at  high  rates  of  gas 
flow  the  quantity  w  depends  only  slightly  on  the  rate  of  flow  but  to  a  large 
extent  on  pressure,  thu3  there  is  evidently  a  transition  of  combustion  to  the 
kinetic  regime.  In  particular  the  following  data  were  obtained  for  the 
burning  of  butyl  rubber  in  oxygen  and  fluorine: 


p,  atm 

w,  nn/sec 

in  oxygen 

in  fluorine 

1.75 

0.155  1 

0.34 

2*2 

0.28 

0. 66 

8.4 

0.2 fi. 

0.90 

value  of 
oxygen: 


Measurements  have  been  made 

o, 
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s 


by  means  of  infra-red  spectroscopy  on  the 
(in  vc)  for  the  combustion  of  a  series  of  polymers  in  air  and 
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Vaporization  during  burning  along  the  boundary  between  the  layers  of 
oxidizer  and  fuel  was  studied  in  Ref,  124.  For  the  system  of  a  layer  of  KCIO^ 
of  thickness  d  between  two  thick  plates  of  perspex,  the  burning  rate  of 
perspex  near  to  the  ’tip1  of  the  flame  was  found  to  have  the  value 
w  =  0,264  nm/sec  for  d  =  25  cm  and  w  =  0,218  nn/sec  for  d  =  }*8  ran 
(p  =  1  atm  abs). 

Finally,  the  combustion  of  NH.C10.  and  NH.NO,  in  an  inert  atmosphere  is 

4  4  4  3 

examined.  In  this  case  vaporization  takes  place  by  the  transfer  of  heat  frcm 

the  kinetic  flame  of  NH,  +  HC10.  or  NH_  +  HNO,.  The  burning  rate  of  NH.C10. 

3  4  3  3  4  4 

and  NHjNO^  depends  to  a  considerable  extent  on  the  pressure,  the  initial 

temperature,  the  presence  of  additives,  density,  etc,  i»e.  on  the  same  para¬ 
meters  as  the  burning  rate  of  homogeneous  explosives,  as  may  be  expected  since 
NH^CIO^  and  NH^NO^  are  weak  explosives.  In  section  19  the  functions  u(p), 
u(Tq),  etc,  for  NH^CIO^  will  be  studied  in  more  detail,  but  here  only  data  on 

the  function  for  the  surface  temperature  T  =  f(u)  will  be  given. 

s 

The  value  of  the  surface  temperature  for  NH.NO,  with  2.5/»  additive  was 
*108  4*  ✓ 

measured  using  Pt-Pt/Rh  thermocouples  at  different  pressures.  In  the 

range  140-280  atm  the  surface  temperature  was  practically  independent  of 

pressure  (at  14D  atm,  T  =  325  and  315°C;  at  210  atm,  T  =  306,  317  and 
o  s  s  * 

285  0;  at  280  atm  T  =  313  and  318  C).  At  the  same  time  the  burning  rate 

increased  considerably,  i.e.  from  4  nn/sec  at  140  atm  to  8  to  9  ron/sec  at 

280  atm.  This  result  is  in  complete  disagreement  with  the  relationship 
-E/2RT 

w  =  u  =  Ac  .  Analogous  results  were  obtained  in  this  work  for  hydrazine 

nitrate  and  the  eutectic  mixture  of  ammonium  and  hydrazine  nitrates. 

For  NH  CIO.  the  value  of  T  increases  with  increase  of  u,  if  u 
increases  due  to  increase  of  pressure: 


p,  atm 

21 

33 

70 

V  °° 

490102 

-650130 

~680^° 

~720150 

~80010^10^ 

„9901°3>'l°4 

u,  mn\/sec 

3-4 

5-7 

^At  room  temperature  pure  NH^CIO^  bums  only  at  p  >  20  to  30  atm.  In 

order  to  attain  combustion  at  lower  pressures,  it  was  preheated  or  a  fuel 
additive  was  introduced;  the  value  of  Tg  in  both  cases  was  the  same.  In 

accordance  with  Ref s.  102,  109,  130,  the  value  of  T  for  mixtures  with 

s 

volatile  fuels  was  the  same  as  for  pure  NH.C10.. 


The  values  of  Tg  were  measured  by  infra-red  speotrosoopy  and  appear  to 
be  reliable ^  ^  only  at  p  <  4-  atm,  since  the  mean  temperature  of  a  layer  of 
thickness  not  less  than  2j 1  is  measured  by  this  method* 
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If  the  burning  rate  was  increased  by  addition  of  a  catalyst  ,  t.iien  the 

value  of  T  •  may  not  only  not  increase  but  even  fall  to  a  small  extent.  . 

There  are  also  other  data  that  are  not  in  agreement  with  the  equation 
-E/RT 

u  =  Ae  •  Thus  the  value  of  T  ,  measured  by  means  .of  thermocouples, 
falls'  as  the  pressure  increases  from  ~2j20  C  at  50  atm  to  ~330  C  at  100  atm, 

although  the  burning  rate  increases  considerably.  The  value  of  Tg,  measured 
for  a  series  of  compositions  based  on  NHjClO^,  remained  constant-^  within  the 
limits  of  scatter,  for  changes  in  the  burning  rate  produced  by  changes  in 
pressure  (in  the  range  1  to  15  atm),  in  the  particle  size  of  the  oxidizer  or 
by  the  addition  of  a  catalyst*. 

In  concluding  this  section  we  can  make  the  following  deductions: 

(1)  In  all  the  cases  investigated  the  temperature  on  the  surfaoe  of 
organic  fuels  and  also  oxidizers  of  the  type  NH^CIO^,  Nri^NO^,  KDIO^  does  not 
exceed  1000  to  1200°C  and  is  usually  400  to  700°C.  At  the  same  time  the 
combustion  temperature  of  systems  of  mixtures  usually  lies  within  the  limits 
2000  to  3000°C  (see  for  example  Ref.  126).  Hence  there  is  a  reasonably  wide 
temperature  range  within  the  limits  of  which  the  components  (or  decomposition 
products)  are  in  the  gaseous  phase,  and  can  mix  thoroughly. 

(2)  At  atmospheric  pressure  the  rate  of  vaporization  of  organic  fuels 

does  not  exceed  1  uso/bco  both  in  case  I,  where  vaporization  takes  place  due  to 

the  conduction  of  heat  from  a  hot-plate  or  flow  of  fuel  gas,  and  in  case  II, 

where  a  lamina  of  fuel  bums  in  a  flow  of  gaseous  oxidizer. 

:  Rate  of  vaporization 

Conditions  for  vaporization  w,  mm/sec 

Burning  of  walls  of  conduit  along  which  oxygen  flows 

Burning  of  lamina  of  fuel  in  contact  with  a  lamina 
of  oxidizer 

Ablation  in  the  combustion  products  of  an  oxygen  flame 
or  in  a  flow  of  ga3  heated  in  an  arc  discharge 

Vaporization  on. a  ho.t-pl.ate 


0.1  to  0.4. 
0.2  to  0.3 

up  to  1.0 
up  to  0.5 
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*Moreover,  it  is  suggested  that  the  independence  of  the  surface 

•j 

temperature  of  the  burning  rate^  and  the  fall  in  temperature  of  the  surface 
with  increase  in  burning  rate  do  not  reflect  the  actual  curve  T  (u)  and 

are  connected  with  measurement  errors,  which  become  more  significant  as  the 
burning  rate  becomes  higher. 
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Evidently,  however,  with  increase  in  pressure  there  should  he  a 

difference  between  cases  I  and  II  (see  above). 

.  _  -E/2RT 

(3)  The  function  w  =  Ae  8  is  a  good  approximation  to  experi¬ 

mental  data  for  pyrolysis  on  a  hot-plate  (but  here  the  values  of  A  and  E 
measured  by  different  authors  for  the  same  substance  differ  greatly).  When 
combustion  also  occurs  xzuji  relationship  is  not  confirmed  by  experiment. 

The  so-called  1 twcntemperature  theory  of  combustion'  of  Schultz  and 
Dekker  (see  Ref. 97)  will  be  discussed  briefly. 

-E/2KTs 

(a)  This  theory  starts  from  the  relationship  w  =  Ae  ; 

(b)  It  assumes  that  the  surface  of  the  charge  has  a  stable  form; 

(c)  It  assumes  that  this  surface  consists  of  successive  plane  'steps' 
of  fuel  and  oxidizer. 

For  ordinary  disordered  systems  supposition  (a)  has  not  been  verified 
and  suppositions  (b)  and  (c)  are  known  to  be  incorrect  (combustion  is  unsteady 
and  is  multidimensional  with  respect  to  d,  where  d  is  the  particle  size 
of  the  components). 

D  CONVECTIVE  MIXING  IN  GASEOUS  PHASE 

Up  *o  this  point  it  has  been  assumed  that  mixing  of  the  components  in 

the  preheating  zone  and  reaction  zone  proceeds  exclusivel3r  as  a  result  of 

molecular  diffusion.  However,  it  may  be  supposed  that  convective  mixing  can 

8o 

also  play  a  definite  role  fer  mixtures  with  components  which  vaporize  . 

We  may  now  consider  the  causes  which  can  leal  to  the  mutual  penetration 
of  volumes  filled  with  the  vaporization  products  of  the  components.  The 
most  important  cause  is  the  non-parallel  flow  of  the  vaporization  products  ani 
also  the  difference  in  the  absolute  values  of  their  f low  velocities. 

Experiments  show  that,  at  least  when  d  is  not  too  small,  the  surface 
of  the  condensed  phase  (c-phase)  facing  the  flame  is  not  plane  (see  Fig.lSb) 
and  wedge-shaped  recesses,  which  increase  as  d  increases,  are  formed  along 
the  edge  of  contact  of  the  components.  In  the  immediate  vicinity  of  the 
c-phase  surface  the  vaporization  products  move  in  a  direction  perpendicular 
to  it  because  of  the  absence  of  any  tangential  forces.  Therefore  the  direc¬ 
tion  of  the  velocity  vector  v  on  the  surface  changes  from  point  to  point  and 
near  the  surface  the  gas  flows  are  in  opposition,  resulting  in  mixing. 

From  the  law  of  conservation  of  mass  flow  for  each  of  the  components  the 
absolute  magnitudes  of  the  velocity  of  the  vaporisation  products  can  be 
written 
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; 


P2W2 

T2  ■  Tift 


Pi  ¥1 


(W) 


where  p,  p  are  the  densities  of  the  condensed  component  and  of  its  vaporiza¬ 
tion  products,  and  w  is  the  rate  of  vaporization  (rate  of  disappearance  of 
c-phase) . 


The  mean  values  with  respect  to  time  and  Wg  are  proportional  to 
one  another  and  proportional  to  u,  "but  the  varying  values  w^  and  Wg  can 
be  expressed  for  a  given  moment  in  time  as  an  arbitrary  ratio.  Since  p^  and 
p g ,  (p-j)g  and  (pg)^  can, also  be  expressed  as  an  arbitrary  ratio,  then  in 
general  v^  *  Vg. 


The  inequality  of  the  absolute  values  of  the  velocities  of  the  vaporiza¬ 
tion  products  enables  them  to  mix  in  a  tangential  (perpendicular  to  u) 
direction  awl  makes  possible  convective  mixing  in  the  axial  (parallel  to  u) 
direction.  Consider  the  moment  when,  at  a  given  point  on  the  surface, 
component  2  is  replaced  by  component  1.  Since  in  general  v^a  *  Vga  then 
either  an  elementary  shock  wave  (for  >  Vg&),  or  an  elementary  rarefaction 
wave  (for  v^a  <  Vga),  must  proceed  along  the  flew;  these  waves  are 
refleoted  from  the  heterogeneities  of  density  existing  in  the  flow  and  from 
the  surface  of  the  c-phasc  and  generate  secondary,  tertiary,  etc,  waves  which 
gradually  die  away.  Consequently,  for  example,  for  v^a  >  Vga  the  stream  of 
gas  1  will  penetrate  into  the  volume  of  gas  2  and  the  boundary  between  them 
will  become  diffuse  owing  to  pulsations  in  the  pressure  and  velocity  of  the 
ga3,  which  arise  during  the  passage  of  the  elementary  waves. 


It  is  essential,  however,  to  emphasize  that  the  mixing  of  the  gas  in  the 
axial  direction  plays  an  insignificant  role  in  comparison  with  mixing  in  the 
tangential,  direction,  since  during  the  vaporization  of  a  cube  of  solid 
component  we  obtain  a  square  column  of  gas,  the  dimensions  of  the  base  of 
which  do  not  change,  whereas  the  height,  and  at  the  same  time  the  mixing  path 
in  the  axial  direction,  increase  by  p/p  times,  i.e.  under  ordinary  condi- 
tions  by  1  to  3  orders  of  magnitude. 

The  existence  of  turbulent  mixing  cf  the  type  considered  is  basically 
connected  with  the  fact  that  the  initial  condensed  mixture  with  its  particles 
irregular  in  form  and  distribution  has  its  own  type  of  ’frozen*  turbulence 
which  ’comes  to  life'  during  the  vaporization  of  the  components.  Hence  there 
arises  the  question  of  artifically  generated  turbuloncc,  similar  to  that  which 
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occurs  in  the  operation  of  various  types  of  mixers,  etc.  This  type  of 
turbulence  does  not  have  any  direct  connection  with  the  parameters  (and  in 
particular  with  the  quantity  Re)  for  steady  flow  of  the  vaporization  and 
caribustion  products.  The  degree  of  artif  ically  generated  turbulence  is 
greatest  near  the  surface  of  the  condensed  phase  (c-phase) ,  i«e.  precisely  in 
that  zone  which  usually  has  the  greatest  effect  on  the  burning  rate.  Further 
along  the  flow  the  art if ically  created  turbulence  dies  away.  The  basic  scale 
of  turbulence  in  the  present  case  should  be  proportional  to  d. 

For  the  artif  ically  created  turbulence  under  discussion  we  have  at  our 
disposal  one  parameter  with  dimensions  of  length  d  and  one  parameter  with 
dimensions  of  velocity  v^  -  v2  from  which  wc  can  four,  a  combination  with  the 
dimensions  of  the  coefficient  of  turbulent  diffusion  exchange  (cmV3ec) : 

Dturb  “  d(v1  -  v2)  *  M 

Thus  v^  -  v2t  is  taken  for  mixing  in  the  tangential  direction  and 
v1a  -  v2a  for  mixing  in  the  axial  direction. 

Substituting  (45)  in  (l£)  and  taking  into  account  «  w2  «  u  gives 

Dturb  “  udP/Pg  “  7"  *  (W) 

It  is  now  taken  into  account  that  the  molecular  diffusion  depends  on 
pressure,  D  «  i/p,  but  not  on  d  and  also  that  usually  u  «  pV  where 
v  5  0.  Hence  it  follows  that  the  role  of  convective  mixing  becomes 
increasingly  important  with  increase  of  d  and  ps  It  should  also  increase 
in  proportion  to  the  distortion  of  the  c-phasc  surface,  since  in  this  way  the 
angle  of  impact  of  the  jet  is  increased  and  the  path  of  mixing  in  the 
tangential  direction  is  much  shorter  than  in  the  axial  direction. 

Equation  (47) >  of  course,  docs  not  yet  allow  an  assessment  of  the  value 

of  d  at  which  convective  mixing  becomes  comparable  with  molecular  mixing, 

since  expressions  are  lacking  for  the  magnitude  of  the  numerical  proportionality 

constant  on  the  right  hand  side  cf  (47)°  In  older  to  check  qualitatively 

ideas  put  forward  on  the  role  of  convective  mixing  the  authors  conducted 

experiments  together  with  Yu.  V.  Frolov;  using  a  cine  camera  with  a  set  of 

light-filters,  we  determined  the  height  h  of  the  inner  cone  of  the  flame  of 

cylindrical  charges  (0  =  1  cm)  of  a  mixture  of  KC10,  -  bitumen,  with  KC10. 

b  4 
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particle  sizes  of  d  a  10,  180  and  1700  in  The  charge  was  burnt  in  a  large 
vessel  filled  with  nitrogen  at  a  pressure  of  1  atm  abs  and  temperature  20°C. 

It  was  found’  that  the  height  of  the  inner  cone  of  the  flame  not  only  did  not 
increase,  but  on  the  contrary  decreased'  somewhat  in  changing  from  d  a  10  p 
to  1700- p,  which  supports  the  argument  that  there  is  an  increase  in  the 
coefficient  of  mass  transfer  as  d  is  increased. 

The  dependence  h(d)  was  also- determined  for  the  combustion  of  an 
individual  ‘particle*.  For  this  purpose  KCIO^  in  the  form  of  a  powder  was 
pressed  into  thick  cylindrical  tubes  of  perspex  of  different  internal  diameters 
(from  0.4  to  1.5  cm).  It  should  be  noted  that  in  this  case  one  has  to  reckon 
that  <b  -  d.  From  dimensional  considerations 

h  «  vd2/D  a  ud2/p  D  (2» 8) 

& 

and  moreover  for  the  system  under  investigation  u  is  almost  independent  of 

127  2 

d  •  Therefore  for  molecular  mixing  the  relationship  had  should  be 

fulfilled.  On  the  other  hand  if  mixing  is  turbulent  (D^^^  «  d),  then 

h  oc  d. 

The  experiments  showed  that  in  each  the  value  of  h  varied  perceptibly 

about  some  mean  value  from  frame  to  frame.  This  mean  value  remained  constant 

for  a  considerable  part  of  the  time  of  burning  for  d  =  4  to  10  mm  but  for 

d  =  15  nm  it  decreased  as  the  burning  of  the  charge  prooseded.  The  following 

mean  values  h  were  obtained: 
m 

d,  mm  4  6  10  15 

hm,  mm  10  19  •  2*D  '  60  .. 

Using  coordinates  (log  hjn,  log  d)  these  points  yielded  a  straight  line 
corresponding  to  hffla  d  ,  which  is  an  argument  in  favour  of  the  presence  of 
convective  mixing. 

7  SOME  MECHANISMS  OF  TRANSPORT  OF  PARTICLES  AND  DROPS  BY  A  STREAM  OP  GAS 

For  most  pyrotechnic  mixtures  the  oxhiizer  vaporizes  much  more  easily 
then  the  fuel.  The  fuel  particles  are  entrained  by  the  stream  of  vaporization 
products  of  the  oxidizer  and  bum  in  a  rtato  of  suspension  above  the  surface 
of  the  charge.  The  transport  of  particles  of  fuel  and  oxidizer  by  a  stream 
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of  ga3  can  occur  also  in  systems  with  organic  fuel3.  In  addition  to  the 
particles  of  fuel  and  oxidizer  there  may  "be  present  in  the  flow  particles  of 
condensed  residue  formed  during  the  decomposition  of  the  initial  components 
(e.g.  KCl)  or  during  their  conibusticn  (e.g.  MgO,  A1 ^ 0^,  etc). 

There  is  a  very  extensive  and  varied  literature  devoted  tc  the  mechanisms 
of  flow  of  twe-phase  media  (solid  particles  -  gas,  or  liquid  drops  -  gas). 
However  only  a  few  elementary  relationships  for  twe-phase  flew,  useful  for 
gaining  an  understanding  of  the  processes  which  have  an  effect  on  the  burning 
rate  of  condensed  systems,  are  considered  here.  Hence  the  motion  of 
particles  is  examined  only  in  the  vicinity  of  the  surface  of  a  charge  and  the 
flow  of  two-phase  media  through  a  nozzle,  etc,  is  not  discussed. 

A  THE  LEilTING  CASES  OF  EXTPJT-ELY  SMALL  AKD  EXTREMELY  LARGE  PARTICLES 

In  order  tc  understand  the  mechanisms  of  combustion  of  particles  close 
to  the  surface  of  a  charge  it  is  useful  to  consider  separately  the  cases  of 
‘extremely  small'  and  'extremely  large*  particles. 

The  term  'extremely  small*  will  denote  a  particle  for  which  the  time  of 
flight  until  it  acquires  a  velocity  close  to  the  velocity  of  the  gas  is  much 
less  than  the  time  of  stay  in  the  zone  which  influences  the  burning  rate  (zone 
of  influence). 

The  term  'extremely  large'  will  denote  a  particle  which  is  practically 
stationary  relative  to  the  charge  or  which  moves  with  a  velocity  much  less 
than  that  of  the  gas. 

Using  a  system  of  coordinates  referred  to  the  combustion  front  and 
denoting  the  velocity  of  a  particle  by  x  and  the  velocity  of  the  gas  by  v, 
then  within  the  limits  of  the  zone  of  influence  for  an  extremely  small 
particle  x  ~  v  and  for  an  extremely  large  particle  x  ~  u  where  u  is  the 
burning  rate. 

To  evaluate  the  sizes  of  the  'extremely  small'  and  the  'extremely  large' 
particle  it  is  necessary  to  possess  information  in  the  first  place  on  the  size 
of  the  zone  of  influence  and  in  the  second  place  on  the  law  ctf  motion  of  a 
particle.  The  zone  of  influence  is  examined  in  more  detail  in  section  10, B, 
but  it  should  be  noted  here  that  quantitative  information  on  the  size  of  the 
zone  of  influence  is  extremely  scanty.  It  is  clear  only  that  the  width  of  the 
zone  of  influence  does  not  exceed  a  fc w  millimeters  and  decreases  with  increase 
in  pressure.  On  the  other  hand,  increase  in  particle  size  of  the  components 
evidently  increases  the  width  of  the  zone  cf  influence. 
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The  sizes  of  ’extremely  snail’  and  ’extremely  large*  particles  can  be 
evaluated  for  the  particular  case  v/hen: 

(1)  There  is  a  solitary  particle  which  at  the  moment  t  =  0  is 
suddenly  drawn  into  the  flow  of  gas» 

(2)  The  force  F^  acting  on  the  particle  owing  to  the  gas  flew  can  be 
found  by  Stokes  formula*. 

(3)  The  only  other  force  acting  an  the  partiole  in  addition  to  is 
the  force  of  gravity^.  The  usual  experimental  condition  is  that  the  charge 
turns  from  above  downwards. 

It  should  be  noted  that  these  limitations  have  no  effect  on  the  basic 
proposition  concerning  the  presence  of  ’extremely  small1  and  ’extremely  large’ 
particles  (it  is  only  the  evaluations  of  the  size  of  such  particles  that  vary). 

In  this  particular  case  the  motion  of  a  particle  can  be  described  by  the 
equation 

f  d3  p  x  =  3*  dn(v  -  x)  -  d5  pg  O1.9) 


where  d,  p  are  the  diameter  and  density  of  the  particles,  rj  is  the 
viscosity  of  the  gas  and  g  is  the  acceleration  due  to  gravity. 

Putting  the  right  hand  side  of  equation  (2*9)  equal  to  zero,  the  size  of 
an  'extremely  large’  particle  is  obtained  as 


*In  the  general  case  tho  expression  for  F^  is  usually  written  in  the 
i  "  2  7^  <3^ 

form  F^  =  cx  ^  Pg(v  T  ”4“*  *'or  vozy  sraa^^  valuos  of  Re,  where  Stokes 


formula  is  valid,  the  dimensionless  coefficient  of  friction  is  C  =  22^/Re. 

X 

With  increase  in  Re  the  experimental  value  of  C  becomes  larger.  (See 
for  example  Ref. 32.) 


Re 

0.1 

1.0 

10 

100 

Cx  =  22*/Rc 

22*0 

22*. 

2.2*. 

0.24 

(Cx)  exp. 

22*5 

28 

2*.  2*. 

1.1 

Experimental  data  (mainly  on  the  combustion  of  metal  particles)  confirms 


that  there  arc  evidently  also  forces  of  cohesion  between  a  particle  and  the 
surface  of  the  charge  (if  there  is  a  molten  layer,  then  the  particle  is  held 
to  the  surface  by  forces  of  surface  tension  and  viscosity).  This  problem  has 
not  yet  been  investigated. 
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4.  -  J1B%r  U)  •  (50) 

Such  an  evaluation  (d  >  d*)  is  an  upper  limit,  since  particles  some¬ 
what  smaller  than  move  so  slowly  that  within  the  limits  of  the  zone  of 
influence  their  velocity  in  practice  attains  the  value  x  x  u. 

For  d  <  d,,,  integrating  (49)  for  the  initial  conditions  =  0 

and  xjt=0  =  u  yields 


(51) 


x 


(1  .  e-W/pa2) 


(52) 


Putting  t  -»  oo  in  (51)  or  making  the  right  hand  side  of  (l$)  equal  to 
zero  the  value  of  the  steady  state  velocity  of  the  particle  is  obtained  as 
od2 

x*  =  v  -  g.  For  veiy  fine  (d  ->  0)  particles  x*  z  v. 


From  (51)  and  (52)  the  time  and  length  of  path  x^  which  are 
necessary^  for  the  particle  to  acquire  a  velocity  equal  to  k  x^,  (e.g.  0.9  x#) 

are  readily  obtained.  As  an  example,  calculated  for  the  vaporization  products 
of  an  ordinary  system  of  mixtures,  using  uj^  a^m  =  1  raVsec, 

U|l00  atm  abs  =  10  xm/se°}  T  ~  1000°0,  p  =  2,0,  tj  k  4.1C"2*-  gm  cm"1  see"1, 

p  =  2  gm/cn? ,  the  distance  in  microns  at  which  the  particle  succeeds  in  reach¬ 
ing  a  velocity  0.9  x#  is 


“it  should  be  noted  that  in  Ref,  1 36  0  was  incorrectly  assumed  to  be 

x  2  5 

constant;  this  assumption  is  correct  only  for  Re  «  2. 10  -  10  ,  but  not  for 
the  small  values  of  Re  which  are  characteristic  of  the  conditions  of  interest. 
As  a  result  the  values  of  x,  and  t,  were  very  large. 


a, 

*k  =  0.9* 

microns 

a, 

*k  =  0.9» 

micron 

p  =  1  atm  abs 

p  =  100  atm 

micron 

mam 

0.1 

0.16 

0.016 

10 

1600 

1 

16  1 

1.6 

100 

15.6  cm 

160 


Particles  of  size  less  than  a  micron  can  in  practice  be  regarded  as 
•extremely  small'.  Particles  cf  size  ~100  p  and  larger  are  1  extremely  large'. 

It  is  also  of  interest  to  evaluate  the  time  of  preheating  t^  of  the 

particle  until  it  reaches  the  temperature  of  the  gas.  The  value  of  t^  is 

limited  by  heat  transfer  from  the  gas  to  the  particle.  t^  is  determined  as 

follows:  let  at  t  =  0  a  spherical  particle  with  temperature  T  be  drawn 

into  the  flow  of  gas  with  temperature  T  .  For  brevity,  only  the  case  is 

£ 

considered  where  the  particle  does  not  melt  and  does  not  evaporate  to  any 
significant  extent  at  T  <  T  and  where  the  temperature  at  various  points  on 

Si 

the  particle  changes  in  the  same  way  with  time.  In  addition  t^  is  equal  to 
the  time  during  which  the  difference  in  the  temperature  of  the  particle  and  the 
gas  decreases  by  a  factor  e  (from  T  -  T  to  T  -  T*  s  (T  -  T  )/c). 

o  *  ©  o  ’  “ 

The  equation  for  the  heat  balance  is 


7t  d2  <x'(i  -  T)  at  =  |  d5  pc 


where  a'  is  the  coefficient  of  heat-transfer  and  .  o  is  the  specific  heat  of 
the  particle.  Integrating  (53)  with  the  initial  condition  Tj.^  =  Tg 
yields 


t  =  m 


T  ~  T 


6a'  T  -  T  * 

g 


X  2\ 

For  small  soherical  particles  a'  =  Nu  -£■  s  — • 

“  a  a 

Substituting  in  (54)  this  value  of  a'  and  also  T  -  T*  =  (T  -  T„)/e, 
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,2 

h  ~  12X 

s 


j_  _L 

12  a  X  ' 

s 


(55) 


where  a  is  the  temperature  transfer  coefficient  (thermal  diffusivity)  of  the 
gas,  i.e.  the  time  of  heating  of  a  small  spherical  particle  (Nu  =  2)^  is 
proportional  tc  the  square  of  its  diameter,  proportional  to  the  ratio  of  the 
thermal  conductivities  of  the  particle  and  the  gas*  and  inversely  proportional 
tc  the  temperature  transfer  coefficient  of  the  gas. 

The  quantity  t^  for  small  particles  is  readily  evaluated  numerically 

3ince  the  product  pc  for  inorganic  salts,  polymers  and  metals  is  in 

approximately  the  same  range;  thus  for  the  substances  of  interest  pc  =0.3 
-3-1 

to  0.7  cal  cm  deg  ,  and  at  the  same  time  pc  depends  only  slightly  on  the 

—  ii-  —1 

temperature.  Taking  Xg  z  (2  to  4)  •  10  4  cal  cm  see"  deg”  (see  for 
example  Ref.  132),  the  following  values  are  obtained  for  the  tine  of  heating  of 
small  particles,  irrespective  of  whether  fuel,  oxidizer  or  metal: 

d,  micron  0.1  1  10 

th,  sec  (0.6  tc  3)  .  10"8  (0.6  to  3)  .  10~6  (0.6  to  3)  .  10~^  . 


The  time  of  heating  of  a  small  particle  is  of  the  ^ame  order  of  magnitude  as, 
or  less  by  an  older  of  magnitude  than,  the  time  of  flight  cf  a  particle  until 
it  reaches  a  steady  velocity. 


*In  Ref. 133  the  empirical  equation  for  Hu  in  the  case  of  a  sphere 
surrounded  by  flowing  gas  is  given  by 


Nu  =  2+0.03  Pr0,55  Re0*54  +  0.35  Pr°*56  Re0*58  . 


Per  Re  =  1  (and  Pr  «  l)  the  value  Nu  s  2.4  is  still  closer  to  Nu  =  2. 
In  combustion  conditions  Re  <  1  corresponds  at  1  atm  abs  tc  particles  less 
than  -10  p  and  at  100  atm  to  particles  less  than  ~1  p. 


*Kence  the  time  of  heating  cf  a  particle,  limited  by  heat  transfer  from 
the  gas  tc  the  particle,  exceeds  the  time  cf  equalizing  the  tenperature  inside 

the  particle  (proportional  to  d  /a)  by  X/X  times;  for  example,  by 

s 

approximately  three  orders  of  magnitude  for  metal  particles. 


The  time  of  heating  of  large  particles  (especially  when  the  distribution 
of  temperature  inside  the  particle  is  taken  into  account)  cannot  be  obtained 
by  an  elementary  evaluation  and  it  is  beyond  the  scope  of  this  work  to  examine 
thiSo 

B  PARAMETERS  OP  TWO-PHASE  FLOW 


It  is  of  interest  to  obtain  an  expression  for  the  number  of  particles 
and  also  the  mass  of  particles  and  mass  of  gas  in  unit  volume  of  two-phase  flow 
and  for  their  mean  specific  heat  and  mean  thermal  conductivity,  etc;  some  of 
these  expressions  are  given  in  Ref .134  in  another  form  in  Ref .  135- 

For  simplicity  the  system  is  considered  in  which  the  oxidizer  vaporizes 
as  a  whole,  but  the  fuel  is  non-volatile  and  bums  in  a  stream  of  the  vaporiza¬ 
tion  products  of  the  oxidizer.  The  following  notation  is  used: 


Condensed  mixture  Two-phase 
(c-phase)  flow 


Density,  gm/cnr 
oxidizer 


Fraction  of  fuel 
by  weight,  gm/gm 
by  volume,  on^/cn? 

Fraction  of  area  cf  crcss-section 
occupied  by  fuel  particles,  cm?/cn£ 

Number  of  particles  of  fuel  in  1  cm^ 

Velocity  ( relative  to  combustion  front),, 
crr/sec 

of  particles 
of  gas 

-1  -1 

Specific  heat,  cal  gm  deg 
oxidizer 


-1  -1  -1 

Thermal  conductivity,  cal  cm  see  deg 
oxidizer 


:an 
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t 


5 


; 

f 

i 

i 

! 


All.  those  quantities  which  refer  to  the  c-phase  will  he  regarded  a z 
constant,  as  will  pg  =  pp/RT  and  x,  which  will  he  considered  only  in  the 
two  limiting  cases;  for  extremely  large  particles  x  =  u  and  for  extremely 
small  particles  >:  =  v.  The  expressions  for  p,  V,  S  and  n  are  related  to 
other  parameters  of  the  c-phase: 


1/?  =  x/p  +  (•>  -  xVpQx  » 

(56) 

V  =  £  =  X  p/p  t 

(57) 

n  =  6v/rc  d^  =  6p/p7cd^  . 

(58) 

New  consider  the  equation  cf  conservation  of  mass  flow  for  the  state  of 
flow  where  the  fuel  particles  ere  accelerated  hy  the  gas  and  are  heated  hut  do 
not  yet  succeed  in  burning  to  any  significant  extent.  In  this  case  the 
conservation  of  mass  flow  of  particles  and  mass  flov'.of  gas  will  he  separately 
maintained: 


pxu  =  p  Su  =  p’  X*  &  =  p  S’  x  ,  (59) 

p(l  -  x)u  =  p(l  -  S)u  =  p‘(l  -  x')v  •  =  pg(l  -  S’)v  .  (60)* 


Prom  (59)  and  (60)  we  obtain 


n' 


(61) 

(62) 


Por  large  particles  (x  a  u)  the  fractions  of  .the  volume  and  of  the  area  of 
cross-section  of  the  flow  occupied  hy  the  particles  are  equal  to  the  corres¬ 
ponding  quantities  in  the  c-phase  where  the  fuel  particles  form  a  stationary 


*Hote  that  in  Ref. 1 56  the  left  hand  side  of  the  equation  (l ' )  analogous 
to  equation  (60)  is  written  inaccurately  (it  is  valid  only  for  k  =  v  &nd 

p  =  p). 
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lattice  through  which  the  gas  flews.  On  the  other  hand  for  the  case  of  small 
particles  (x  2  v)  the  fractions  of  the  volume  and  of  the  area  of  cross- 
section  of  flow  occupied  "by  the  particles  is  very  much  smaller  than  in  the 
c-phase,  since  the  same  quantity  of  particles,  which  are  confined  in  the 
c-phase  in  a  cylinder  of  height  u,  are  confined  in  a  two-phase  flow  in  a 
cylinder  of  height  v,  where  v  »  u. 

For  the  mean  density  of  the  substance  (the  number  of  grams  of  gas  and 
particles  in  unit  volume  of  flow)  we  obtain 


The  first  terra  on  the  right  hand  side  of  equation  (63)  corresponds  to 
the  mass  of  particles  in  unit  volume  of  flow  and  the  second  term  to  the  mass 
of  gas  in  unit  volume  of  flow.  For  large  particles  (x  ~  u)  the  first  term, 
and  consequently  also  p‘ ,  is  very  large  in  comparison  with  the  second, 
since  the  mass  of  large  particles  in  unit  volume  of  flaw  is  the  same  as  in 
unit  volume  of  the  c-phase.  The  second  term  in  this  case  can  be  neglected 
(u/v  «  l),  so  that  p*  a  xp«  In  other  words  in  this  case  the  mass  of 
particles  in  unit  volume  of  flow  is  very  large  in  comparison  with  the  mass  of 
gas  in  unit  volume  of  flew. 

For  small  particles  (x  a  v)  equation  (63)  assumes  the  usual  form 


p’  v  =  pu  • 
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p  v  = 
*g 


(64) 


will  be  lower  than  in  single-phase  flow,  where  it  would  be  determined  from  the 
relationship 


In  fact 


Pg  v  =  pu  . 


1  -  S 
1  -  S' 


1 


i 


since  x  >  u.  It  is  only  for  large  particles  where  S'  =  S,  that  (64)  gives 

the  same  value  for  v  as  (65).  The  meaning  of  this  result  is  obvious;  in 

tvro-phase  flow  the  particles  occupy  a  smaller  fraction  of  the  crcss-sejticn 
than  in  the  c-phase,  and  the  vaporizing  component  occupies  a  correspondingly 
larger  fraction.  In  the  limit,  where  jl  -  S  1,  the  velocity  of  gas  in 

the  two-phase  flow  is  lower  than  in  single-phase  flow  by  1  -  S  times. 


The  expression  for  the  fraction  by  weight  x*  of  particles  in  tvro-phase 
flow,  i.e.  the  mass  of  particles  per  unit  mass  of  substance  of  the  flow,  is 
also  useful: 


1 


1 

X  v 


(66) 


For  small  particles  x1  =  X>  i«e.  the  fraction  by  weight  of  small  particles  in 
two-phase  flow  is  the  same  as  in  the  c-phase.  In  the  remaining  cases 
X*  >  X*  In  particular  for  large  particles  x‘  1.  (These  results  for 
small  and  large  particles  were  noted  when  studying  equation  (63).) 

The  specific  heat  for  two-phase  flow  is  equal  to 

c'  =  X*  o  +  (1  -  x‘)c  •  (67) 

o 

In  the  case  of  large  particles  (x*  l)  the  specific  heat  is  practically 
equal  to  the  specific  heat  of  the  particles  c1  «  c. 
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Only  approximate  formulae  exist  for  the  thermal  conductivity  of  mixtures 
of  two  components.  In  particular  Maxwell’s  formula  can  he  used,  which  in  the 
case  of  two-phase  flow  is  written  in  the  form 


,2X  (l  -  V')  +  l(l  +  2V'U 
=  \\  X*(2+V«)  +  X(1  -V‘)  )  > 


or  the  equation  for  the  geometric  mean  value  may  he  used: 


X' 


(68) 


(69) 


For  small  particles  V*  *■»  0  and  therefore  X'  «  X  ,  i.e.  the  presence  of 

a 

small  particles  has  almost  no  effect  on  the  thermal  conductivity.. 

Equations  of  type  (68)  and  (69)  can  scarcely  he  used  for  large  particles, 
since  in  this  case  the  decisive  role  is  played  hy  heat  exchange  as  a  result  of 
convection  of  the  gas  and  radiation,  which  is  not  taken  into  account  in  these 
emulations. 

8  KINETIC  AND  DIFFUSION  REGIMES  OF  COMBUSTION:  SOME  EXPRESSIONS  FOR  THE 
BURNING  RATE 

Tlie  rate  of  "burning  of  condensed  mixtures  in  the  general  case  depends  on 

kinetic  and  diffusion*  factors.  However  there  are  some  cases  where  only  the 

r? 

kinetio  or  only  the  diffusion  factors  are  decisive, 

A  KINETIC  REGIME  OP  BURNING  FOR  EXTREMELY  SMALL  PARTICLES 

If  mixing  is  complete  in  the  preheating  zone,  i.e.  before  the  beginning 
of  the  reaction,  then  it  has  no  effect  on  the  burning  rate.  It  is  obvious 
that  in  this  case  combustion  proceeds  in  the  kinetic  regime  and  the  rato  of 
burning  does  not  depend  on  the  particle  size  of  the  components  and  must  be 
equal  to  the  burning  rate  of  the  homogeneous  systc-m  of  that  chemical  composi¬ 
tion.  Such  a  regime  of  burning  was  first  studied  in  Ref .127  and  then  mere 
fully  in  Ref .81. 


♦Here  and  henceforth  the  term  diffusion  factors  will  be  used  to  denote 
the  factors  associated  with  the  rate  cf  mixing  of  fuel  and  oxidizer  and  not 
those  associated  with  the  rate  of  diffusion  of  the  products  cf  combustion  into 
the  unbumt  mixture  (as  was  the  case  in  section  l). 
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In  section  6, A  it  has  already  "been  noted  that  mixing  in  the  preheating 
zone  can  take  place  only  if  the  fuel  and  oxidizer,  or  their  decomposition 
products,  possess  sufficient  mutual  solubility  and  this  condition  is  known  to 
he  valid  for  the  system  g  +  g  hut  not  valid  for  the  systems  g  +  s  and 
g  +  1  (in  the  cases  s  +  s,  s  +  1,  1  +  1  the  possibility  of  the  mixing  of 
the  components  can  he  evaluated  only  for  a  particular  system)* 

The  regime  under  consideration  can  he  observed  only  for  sufficiently 

small  values  of  d(d  <  d  .  ).  The  quantity  d  .  increases  with  increase  in 

min'  man 

the  rate  of  diffusion  and  has  a  lower  limit,  since  it  must  in  any  case  exceed 
the  effective  size  of  the  molecules: 

d  .  >  10"8  to  IQ"7  cm  *  (70) 

man  v  ' 

Hence  the  second  condition  for  the  existence  of  the  regime  under  consideration 
is  that  the  rate  of  inter-diffusion  of  the  components  must  not  he  too  small, 
thus  satisfying  condition  (70). 

Starting  from  the  expressions  given  in  Ref.  127,  the  inter-dif fusion  of 
the  components  at  a  certain  cross-section  of  the  charge  (x  =  0)  vail  he 
considered.  After  an  interval  of  time  dt  the  boundary  of  the  mixing  zone 
is  shifted  transversely  by  an  amount  of  the  order 

6(y2)  o=  D  dt  .  (71) 


Assuming  that  the  combustion  front  moves  relative  to  the  given  cross-section 
with  a  constant  velocity  u,  we  can  write  x  =  x!  -  ut  where  x*  is 
reckoned  from  the  combustion  front.  Using  the  well  known  expression  for  the 
profile  of  the  preheating  wave  in  front  of  the  combustion  zone 


(72) 


2 

where  a  is  the  temperature  transfer  coefficient,  cm  /sec,  and  the  tempera¬ 
tures  Tq  and  Tq  refer  respectively  to  the  cold  mixture  and  the  reaction 
zone;  putting  dt  =  dx’/u  in  (7l)  and  integrating,  the  order  of  magnitude  of 

d  .  is  given  as  equal  to 
min 
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d  .  « 
min 


mJ§  I 


— £5 — 

T  -  T 


/  \  -2  -1  . 

where  m  ia  the  mass  rate  of  burning  (f  or  d  <  d  ^  ; ,  gm  cm  sec  ,  p  is 

the  density,  gn/cnr ;  for  the  quantities  X  (cal  cm  ’  sec  deg  )  and  c 
(cal  gm  deg  )  the  mean  values  over  the  preparatory  zone  are  taken.  If 
there  are  phase  transitions  in  this  zone,  then  it  is  divided  into  subzcnes  and 
the  integration  in  (73)  is  taken  successively  over  each  of  them.  For  brevity 
it  is  assumed  that  mixing  takes  place  basically  in  one  subzone  in  the  interval 
T .  to  T  (where  T  <  T.  <  T  ).  The  coefficient  of  interdiffusicn  of  the 

1  Q  O  l  C 

gases  is  t.ken  as  D  =  Do(T/TQ)n,  where  n  =  1.75  to  2.  For  n  =  2  we 
obtain  from  (73) 


.  XpD  T  -  T,  T  -  ? 

1  ro  o  c  1  .  .  c  o 

a  .  <x  —  —  — s - +  -in  u  ~  • 

min  m.  c  «  T  T.,  -  T 

X  '\  o  1  o 


For  diffusion  in  the  solid  and  liquid  phases  B  =  D*  and  then 

(73)  gives 


rrz  -q/rt,  -q/rt 

d  .  cci  .  |li(e  h  -  li(e  ) 

min  m  \‘  c  *  s  '  '  ' 


-q/rt 


[li(e 


Q/RTn  -0/ KP 


Q/RT  -Q/RT,  £ 
°e  , 


f  X 

where  li(eX)  denotes  /  ■—*  dx.  The  values  li  z  are  taken  from  Tables, 

-6/KT  -k  k 

although  for  Q  »  RT  (for  <  10  ,  e  e  >  10  7  the  approxima¬ 

tion  li  z  a  z/ln  z  can  be  made  with  an  error  not  greater  than  10-12?o.  If  in 

-qMc  -qA®. 

addition  e  »  e  ,  then  (7?)  gives 


.  r  -  RT  -Q/RT 

d  .  «  —  — =£>  c  — — -  e 

man  m  ^  c  ^  *  0 


Ill 


Equations  (74)  "to  (76)  in  principle  allow  evaluation  of  dn.w  for  any 
particular  system. 

It  is  of  interest  to  evaluate  the  range  of  values  of  the  quantity  d_^ 
for  a  given  type  of  system.  This  is  particularly  successful  for  the  type 

g  +  g.  In  fact  the  value  of  the  carpi  ex  quantity  0  =  J-g  pQ  Dq  varies 

within  relatively  narrow  limits  for  all  gases  which  can  appear  as  vaporization 

products  of  various  condensed  systems  and  for  which  Tables  of  data  are  avail- 

~L  -3  —1  —1 

able;  thus  the  range  0  =  10  to  10  gm  cm  sec  includes  all  the 
ordinary  di-  and  triatcmic  gases,  the  various  gaseous  hydrocarbons  including 
the  heaviest,  the  vapours  of  many  organic  liquids,  etc  (at  temperatures  from 
200  to  300°C;  it  is  assumed  that  Tq  =  273°K).  Apart  frcm  this,  if  the 
experimental  dependence  m(p,T)  is  neglected,  then  the  right  hand  side  of 
equation  (74)  is  independent  of  pressure  and  depends  to  a  relatively  small 
extent  on  the  choice  within  reasonable  limits  of  the  temperatures  T  ,  and 
Tq.  Assuming  for  instance  that  the  temperatures  T^  and  T^  can  change 
independently  in  the  intervals  1500  to  3000  and  600  to  1000°K  respectively, 
equation  (74)  gives  the  following  range  of  values  of  d  .  : 


a  g,  ^3, -25  niicrcns  (77) 

man  m 

-2  -1 

where  m  is  in  gm  cm  sec  .  In  Ref.  137  the  experimental  value  dmSn  for 

-2  -1 

the  stoichiometric  mixture  KC10^  +  bitumen  for  m  «  0.2  gm  cm  sec  was 
~70  microns  which  lies  within  the  limits  of  evaluation  (77)* 

The  position  is  much  more  difficult  for  the  types  1  +  1,  s  +  1  and 
particularly  for  s  +  s,  owing  to  the  lack  of  data  on  diffusion  in  the 
systems,  metal  +  salt,  rosins  +  salt,  etc.  Indirect  data  (diffusion  of  metals 
in  metals  and  slags,  mutual  diffusion  of  salts,  etc)  shew  that  for  the  system 
s  +  s  the  diffusion  coefficient  depends  to  an  extraordinarily  large  extent  on 
the  nature  of  the  components  and  this  excludes  the  possibility  cf  any  evalua¬ 
tion  of  d  .  from  indirect  data.  For  diffusion  in  the  liauid  phase  the 
dependence  on  the  nature  of  the  components  is  considerably  less  but  the  range 
of  dra^n,  obtained  from  indirect  data  inserted  in  expression  (75)  (for 
reasonable  assumptions  regarding  the  range  of  variation  of  T.  and  T  ), 
extends  over  about  four  orders  of  magnitude.  Such  a  wide  evaluation  has  no 
practical  interest. 
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B  DIFFUSION  BEGD-EB  0?  COMBUSTION  0?  SUSPENSIONS  OF  SOLID  PARTICLES 

In  the  previous  section  8,A  it  was  stated  that  in  systems  of  the  type 
g  +  s  or  g  +  1  a  lcinetic  regime  that  is  associated  with  the  mixing  of  the 
components  in  the  preheating  zone  cannot  exist  and  that  for  these  systems 
mixing  can  occur  only  simultaneously  with  burning. 

However  for  mixtures  s  +  g  or  1  +  g  there  can  occur  a  pure  diffusion 
regime  (and  in  principle  also  a  pure  kinetic  regime)  associated  with  the  fact 
that  the  combustion  of  each  particie  (or  drop)  takes  place  in  a  diffusion  (or 
kinetic)  region. 

Only  the  diffusion  regime  is  examined  here,  since  the.  kinetic  regime  is 
clearly  not  experimentally  attainable. 

65 

0.1.  LeipunsldLi  suggested  that  the  combustion  of  a  suspension  of  solid 
particles  could  be  treated  in  the  same  7/ay  as  the  combustion  of  a  homogeneous 
gas  mixture  and  in  accordance  with  the  theory  of  Zeldevich  it  was  assumed  that 


0«/(}  (78) 

-2  -1 

where  m  is  the  mass  burning  rate,  gra  cm  see  ,  and  <j>  is  the  rate  cf  heat 

release  in  unit  volume  of  two-phase  flow  (solid  particles  +  gas),  cal  cnf^ 

-1  ' 
sec  . 

This  supposition  is  true  for  extremely,  small  particles,  and  it  is  this 
case  which  is  studied  in  Ecf  .65.  For  large  particles  it  is  doubtful  whether 
equation  (78)  can  be  applied,  but  nevertheless  since  there  is  a  lack  cf  more 
fundamental  relationships  this  equation  ha3  to  be  used  for  qualitative 
deductions. 

The  heat  release  due  to  the  combustion  of  particles  can  be  written  in 
the  form  (see  ite?*138) 


0  =  pf£*d2n’  Q  (79) 

where  p  is  the  density  of  a  particle,  gnv/cm  ,  dr/3t  is  its  burning  rate, 
cn/sec,  2r  =  d  is  the  diameter  of  a  particle,  cm,  n'  is  the  number  of 
particles  in  1  cm^  of  two-phase  flow  and  Q  is  the  heat  of  combustion  for 
1  gm  of  fuel,  cal/gm. 
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Substituting  —  =  ”  (N  +  L)  from  (39)  and  n*  from  (62)  in  (79)  the 


mass  rate  of  propagation  of  flame  is  obtained: 


m  «  £  Jl2  (N  +  L)  QX  £  f  . 


If  the  dependence  of  the  rate  of  burning  on  only  the  pressure  and  particle 
size  is  required,  then  (80)  can  be  rewritten  as 


la 

\l*  > 


d  \/£ 


since  all  the  remaining  quantities  under  the  square  root  in  (80)  are 
independent  of  pressure  (K,  Q,  x>  p>  p)  or  almost  independent  of  pressure 
(L). 

For  small  particles  x  «  v  «  pu/pg  and  correspondingly  u/x  «  pg  oc  p. 
Thus  for  the  rate  of  propagation  of  a  flame  in  a  suspension  of  small  solid 
particles  (or  liquid  drops)  in  the  case  where  the  particle  combustion  takes 
.place  in  the  diffusion  regime 

m  cc  Vp/d  (82) 

(which  is  the  same  as  equation  (4)  in  Ref. 63). 

For  large  particles  burning  in  the  diffusion  regime  it  follows  from  (8l) 

that 

m  a  i/d  *  f(p)  .  (83) 


Hence  the  velocity  of  propagation  of  a  flame  in  a  suspension  of  solid 
particles  for  the  case  of  small  particles  depends  on  pressure  and  for  the  case 
of  large  particles  is  independent  of  pressure.  However  the  rate  of  burning 
and  time  of  burning  of  each  individual  particle  (whether  small  or  large)  in  the 
diffusion  regime  do  not  depend  on  pressure  (see  section  4, A).  At  the  same 

time  the  number  of  small  particles  in  unit  volume  of  flow  is  proportional  to 
the  pressure,  but  the  number  of  large  particles  in  unit  volume  of  flow  is 
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independent  of  pressure  (see  equation  (62)).  Thus  m  «  Vp.  for  a  suspension 
of  small  particles  and  m  *  f(p)  for  a  suspension  of  large  particles. 

In  the  derivation  of  (80)  and  (81 )  no  assumption  was  made  whether  the 

particles  were  volatile  or  involatile  since  the  mechanism  of  diffusive  burning 

does  not  depend  on  volatility,  which  only  changes  the  ratio  r^/r^,  and 

correspondingly  the  absolute  magnitude  of  the  burning  rate;  see  section  4, 4. 

However  the  experimental  results  quoted  in  chapter  III  show  that  for  mixtures 

with  components  that  are  easily  vaporized  (to  which  belong  such  oxidizers  as 

NH.C10,.  KC10,,  NH.NO,  and  most  organic  fuels)  u  depends  only  to  a  alight 
4  4'  2*.  4  3 

extent  on  d  and  does  not  show  tho  relationship  u  «  m  «  i/d. 

It  is  only  for  involatile  fuels  (for  example,  graphite  and  tungsten) 
that  u  depends  to  a  considerable  extent  on  d  and  approaches  the  relation¬ 
ship  u  «  m  «  i/d  (see  section  13). 

In  addition  to  the  relationship  u(d)  it  is  necessary  also  to  consider 
whether  the  theoretical  relationship  u(p)  is  in  agreement  with  experiment. 

In  accordance  with  equations  (82)  and  (83)  there  should  be  a  smaller 
dependence  of  u  cn  p  in  the  transition  from  small  to  large  particles. 
However  in  Ref.  139  for  the  mixtures  Al-PCgO^  and  W-KCIO^  the  opposite  effect 
was  discovered:  the  burning  rate  for  coarsely  dispersed  mixtures  depended  to 
a  greater  extent  cn  pressure  than  for  finely  dispersed  mixtures  (see  Table  IfO* 

This  discrepancy  may  be  connected  with  the  fact  that  combustion  of  the 
particles  does  not  necessarily  take  place  in  a  free  gas  flaw.  Hence  the 
theoretical  dependence  u(p)  described  by  equations  (82)  and  (83)  is  not  tho 
only  possible  one  for  diffusive  burning. 

The  case  where  vaporization  of  the  oxidizer  is  accompanied  by  the 
formation  of  a  condensed  residue  (for  example,  KGIO^  ->  KOI  +  20 ^  or 
]?e2^3  ->  2Fe  +  1.5  Og)  or  where  part  of  the  products  of  combustion  at  the 
combustion  temperature  is  solid  or  liquid  is  considered  in  Ref. 12*0.  In  this 

case  the  condensed  residue  prevents  tho  particles  of  fuel  from  being  carried 
away  by  the  gas  and  forms  a  more  or  less  dense  film  through  which  bubbles  and 
streams  of  gas  burst. 

In  tho  present  case  the  particles  (both  small  and  large)  arc  stationary 
relative  to  tho  uribumt  substance  x  «  u.  Correspondingly  the  number  of 
particles  in  unit  volume  of  flow  is  constant  for  all  pressures  and  is  equal 
to  the  number  of  particles  in  unit  volume  of  the  initial  mixture.  However 
the  magnitude  of  N  from  (80)  may,  generally  speaking,  depend  on  tho 
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pressure,  since  diffusion  does  not  necessarily  take  placo  in  r  free  gas  flow. 
In  the  general  case  N  «  D,  where  D  is  the  coefficient  of  diffusion, 

C  is  the  concentration  of  oxidizer  at  a  great  distance  from  the  surface  of 

OO 

the  particle;  for  diffusion  in  a  gas  D  «  i/p;  0  «  p  and  correspondingly 
N  *  f(p),  thus  for  the  burning  rate^ 


m  « 


(84) 


A  few  particular  cases  will  be  considered: 

(1)  Molecules  of  oxidizer  (for  example  KD10,),  without  decomposing, 

*4* 

diffuse  through  a  film  of  condensed  residue  (for  example  KCl).  For  this  case 

C  *  f(p)  and  D  t  f(t>).  Hence 
60 

m  cc  i/d  t  f(p)  for  any  value  of  d.  (85) 

(2)  Molecules  of  oxidizer  decompose  with  the  emission  of  oxygen,  which 
diffuses  through  the  film  of  liquid  residue  in  the  form  cf  bubbles  or  in 
solution.  In  the  latter  case  C  cc  p  (according  to  Henry's  law);  the 
diffusion  coefficient  D,  to  a  first  approximation,  does  not  depend  cn  p*» 
Hence 


m  « 


h. 

d 


for  any  value  of  d. 


(66) 


In  practice,  an  intermediate  case  may  occur:  for  extremely  snail  values 
of  d,  where  the  surface  of  the  components  is  vciy  large,  the  oxidizer 


A 

'xhe  case  of  involatile  particles,  for  which  only  tne  diffusion  regime  of 
burning  is  observed,  is  being  considered  here;  consequently  r^/r^  k  1  and 

L  «  N,  thus  N  +  L  a  II  (see  expression  ( 1+0) ) • 


*The  diffusion  coefficient  in  solutions  depends  on  the  concentration  of 
dissolved  substance,  but  this  dependence  is  relatively  slight,  moreover  ?/ith 
increase  in  concentration  there  is  observed  net  only  a  decrease  but  also  an 
increase  in  D  (see  section  6,B). 
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succeeds  in  diffusing  to  the  surface  of  a  fuel  particle*  which  has  not  yet 
decomposed,  i.c.  case  (l)  occurs  and  m  *  f(p)»  However  for  large  values  of 
d,  and  considerable  thickness  of  oxidizer,  the  overwhelming  majority  of 
oxidizer  molecules  decomposes  first  and  then  oxygen  diffuses  to  the  surface  of 
the  fuel  articles.  If  under  these  conditions  case  (2)  occurs,  then  for  large 
particles  m  «  /p. 

A  similar  explanation  is  in  agreement  with  the  fact  that  for  mixtures  of 

KC10.  with  coarse  particles  of  tungsten  u  depends  on  p  to  a  less  extent 
4  139 

as  the  content  of  KCIO^  is  reduced  (since  in  this  case  the  thickness  of  the 
layers  of  liquid  residue  decreases  and  correspondingly  the  role  of  diffusion 
through  the  liquid  is  reduced).  In  addition,  it  was  found  J  that  u 
increasingly  depends  on  p  not  only  with  increase  in  the  particle  size  of  the 
metal  but  with  increase  in  the  particle  size  of  the  oxidizer  dQX  (for 

dm  constant) .  This  result  can  be  readily  understood  from  the  consideration 
that  with  increase  of  dox  the  path  of  diffusion  of  oxygen  through  the  con¬ 
densed  residue  increases  in  length. 

C  EXPRESSION  FOR  BURNING  RAT L  SEEK  HDHOGBK  ,GU.:  AND  HETEROGENEOUS 

REACTIONS  OCCUR  SMJLTANEOUSIY 

In  section  8,A  the  case  where  burning  takes  place  as  a  result  of  a 
homogeneous  reaction  was  examined,  since  mixing  of  the  components  is  brought 
to  completion  in  the  preheating  zone.  On  the  other  hand  in  section  8,B  the 
case  was  examined  where  burning  takes  place  as  a  result  of  a  reaction  near  tc 
the  surface  of  the  particles ,  In  the  present  section  the  heterogeneous 
reaction  is  considered  initially. 

There  is  also  the  possibility  that  a  homogeneous  reaction  in  the  mixture 
of  the  vaporization  products  might  occur  simultaneously  with  a  heterogeneous 
reaction,  at  the  particles  (see  Ref. 174)*  Moreover  particles  may  be  intro¬ 
duced  into  the  system  intentionally  (catalytic  or  energy-providing  additives), 
or  they  may  appear  spontaneously  in  the  process  of  combustion  (for  example, 
soct). 

Let  the  burning  rate  of  a  system  v.-thout  particles  in  the  reaction  zone 
bo  u  and  the  burning  rate  of  a  system  with  added  particles  be  u1 .  Their 
ratio  is  denoted  by  u'/u  =  Z. 


*The  practical  problem  is  more  complex  sinoc  the  combustion  temperature 
of  the  particle  is  high  and  there  is  a  gas  film  between  the  surface  of  the 
particle  and  the  layer  of  condensed  residue. 
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If  the  combustion  of  the  system  without  added  particles  takes  place  in  a 
regime  close  to  the  kinetic  regime,  then  the  burning  rate  is  proportional  to 
the  square  root  of  the  rate  of  heat  release  in  unit  volume,  <f>ham>  33  a  resu^t 
of  homogeneous  reaction  (see  Refs, 26,  27),  i.e. 


u  *  Acm  * 


(87) 


y 

where  p  is  the  pressure,  v  is  the  exponent  in  the  equation  u  =  bp  ,  E  is 

the  activation  energy,  and  T  is  the  combustion  temperature  of  the  system 

c 

without  added  particles. 

When  particles  are  introduced  there  is  hea„  release  as  result  of 
heterogeneous  reaction  at  the  surface  (or  close  to  the  surface)  of  the 
particles.  Where  a  homogeneous  and  heterogeneous  reaction  occur  in  the  same 
zone, 


u'  ce 


nom 


+  $ 


het 


(88) 


where  T'  is  the  combustion  temperature  when  particles  are  present, 
c 

Consider  the  case  when  the  heterogeneous  reaction  takes  place  in  the 
diffusion  regime,  i.e.  its  rate  is  limited  by  the  velocity  of  approach  of  the 
reagents  to  the  surface  of  the  particles;  then 


$het  *  W  D/d  Ku’/*) 


(89) 


where  p  is  the  density  of  the  gas,  D  is  the  diffusion  coefficient,  d  the 
S 

size  of  the  particles,  and  x  is  the  velocity  of  the  particles. 

For  small  particles  x  is  close  to  the  velocity  of  the  gas,  and 

v  oc  pu*/ p  (where  p  is  the  density  of  the  initial  system).  In  this  case 

© 


net 


«  p/d2 


(90) 


Substituting  (90)  in  (88),  for  the  value  of  Z  =  u'/u  is  cl  mined 
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(91) 


If  T‘  is  independent  of  pressure,  i.e.  if  the  intensity  of  burning  of 
c 

the  particles  is  constant  or  the  heat  required  to  heat  them  is  constant,  then 
(91)  yields  the  relationship 


Z  a  'J A  +  Bp1"2”  .  (92) 

Hence,  if  for  the  system  without  added  particles  exponent  v  <  0.5,  then  the 
quantity  Z  increases  with  pressure,  but  if  v  >  0.5>  then  the  quantity  Z 
falls  with  pressure. 

It  is  also  evident  from  (9l)  that  Z  increases  with  reduction  of 

particle  size  d,  with  increase  of  T*  and  with  decrease  of  T  .  The  latter 

c  c 

denotes  that,  other  conditions  being  equal,  it  is  easier  to  increase  the  burn¬ 
ing  rate  of  a  cool  mixture,  i.e.  a  mixture  with  a  lew  combustion  temperature. 

In  the  literature  there  are  a  few  experimental  results  which  enable  the 
validity  of  formula  (92)  to  be  assessed.  The  change  in  the  burning  rate  of 
the  stoichiometric  mixture  KCIO^  +  bitumen  (v  «  0.73  in  the  range  5  to 
100  atm)  with  the  addition  of  particles  of  tungsten  and  other  substances  was 
investigated  in  Ref.  138.  In  all  cases  the  value  of  Z  fell  with  increase  in 
pressure,  which  is  in  agreement  with  (92). 

The  action  of  added  particles  of  charcoal  on  the  burning  of  EETN 
(v  a s  0.95)  was  investigated  in  Ref. 201.  In  this  case  also  the  value  of  Z 
falls  with  increase  of  p  and  at  the  same  time  the  exponent  v  decreases  to 
v*  =  0.6  to  O.65. 

It  was  shown  by  S.A.  Tsyganov  •  h  that,  for  the  gelatinized  mixture 
NHjC-10^  (~5  p)  +  perspex  with  a  =  0.6,  u  depends  only  very  slightly  on  p! 

p,  atm  25  If)  70  100 

u,  mt/sec  9,3  9*3  8.0  8.3  • 

(v25-2 Ifi  atm  ~  °»  >-100  atm  <  °);  With  thC  addition  of  charcoal  or  Cu2°  u 
depends  more  strongly  on  p.  Consequently  the  value  of  Z  rises  rapidly  with 

increase  in  pressure: 
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p,  atm 

z 

p,  atm 

Z 

. 

2fo  charcoal 

2p  C^O 

2fc  charcoal 

2%  Cu20 

25 

1.04 

1.26 

70 

1.45 

2.25 

AO 

1.19 

1.59 

100 

2.65  ; 

An  increase  in  the  exponent  v  with  the  addition  of  soot  was  observed 
in  Ref.  1 41  for  the  mixture  ‘NH^ClO^-paraformaldehyde  in  the  pressure  range 
where  v  =  0  for  the  original,  system. 

Thus  the  relationship  (92)  is  in  agreement  with  the  experimental  data  to 
be  found  in  the  literature. 

D  THEOKSilCAi  3x'UD¥  OF  ?LAH3  HtoI?AGATICN  ALONG  THB  CCHTAOl  StfigACS 

Mg  FUEL  AND  OXIDIZER 

The  propagation  of  a  flame  along  a  plane  and  cylindrical  contact  surface 
between  fuel  and  oxidizer  was  investigated  experimentally'*  1 1 6o  an^  then 
theoretically1  i|2  1i+^  as  the  limiting  case  of  the  combustion  of  a  system  with 
very  large  particle  sizes  of  the  components.  However  the  combustion  of 
ordinary  composite  mixtures  not  only  leads  tc  the  propagation  of  a  flame  along 
the  surface  of  contact  of  the  components,  but  also  involves  the  process  cf  the 
transmission  of  burning  from  one  particle  of  oxidizer  to  another  through  the 
layer  of  fuel  owing  to  the  transfer  of  heat  from  the  neighbouring  particles  of 

the  system* ^ ^ 

Experimental  work  cn  the  propagation  of  a  flame  along  the  surface  of 
contact  of  the  components,  will  be  considered  later  (section  13).  At  present 
only  the  deductions  of  the  theoretical  work  are  discussed  briefly. 

In  Ref.  11)2,  using  the  method  cf  Zcldcvich-Sc'mvab,  the  tvo-dimcnsicnal 
problem  of  the  combustion  cf  plane  layers  cf  fuel  and  oxidizer  was  investigated 
using  the  assumption  that  the  masses  of  oxidizer  and  fuel  arc  in  stoichiometric 
proportions,  that  the  surface  of  the  charge  facing  the  flams  is  plane,  etc. 

The  solution  is  extremely  cumbersome;  at  the  same  time  an  expression  for  the 
burning  rate  has  not  been  obtained  in  an  explicit  form  and  the  results  cf 
numerical  calculation  are  net  given. 

It  is  suggested  that  the  rate  cf  burning  u  is  practically  independent 
of  pressure.  In  section  18  it  will  be  shewn  that  this  result  contradicts 
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experiment*  in  almost  all  cases.  The  problem  of  the  propagation  of  a  flame 
along  the  surface  of  contact  of  the  components  was  solved  in  lief.  143  using 
similar  assumptions.  The  results  of  the  solution  are  also  similar;  for 
instance  it  was  found1 ^  that  for  the  diffusion  regime  u  <s  1/h  *  f (p) ,  where 
2h,  the  width  of  the  layer,  is  the  same  for  the  layer  of  fuel  and  the  layer  of 
oxidizer.  The  method  of  solution  used  was  different  from  that  in  Ref. 142. 
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The  combustion  of  an  ordered  system  has  been  examined  on  the  basis  of 
the  concepts  of  the  *  two-temperature  theory',  which  proposes  that  on  the  sur¬ 
face  of  the  charge  there  are  plane  recesses  and  projections;  the  first 
correspond  to  the  component  that  vaporizes  more  readily  and  the  second  to  the 
component  that  vaporises  less  readily.  The  expression  for  the  burning  rate 
was  not  deduced  in  an  explicit  form.  The  numerical  calculation  v/as  given  for 

the  systems  NH.C10.  -  polystyrene  and  Iffi. CIO  -polyurethane,  using  data  on  the 
4  4  4  4" 

rate  of  pyrolysis  on  a  hot-plate. 

The  results  are  given  in  the  form  of  graphs  on  log  u,  log  d  coordinates. 
Per  the  system  NH.  CIO. -polystyrene  with  cxidizer  fuel  ratios  90:10  and  80:20 

H*  Hr  ^ 

calculation  gives  straight  lines  corresponding  to  the  relationship  u  «  d  , 
where  n  «  0<,9  for  any  value  of  d.  This  result  obviously  contradicts 
experiment.  The  actual  dependence  of  u  on  d  is  generally  less  and  more¬ 
over  the  slope  of  the  curve  u(d)  (and  consequently  the  value  of  the 
derivative  d  In  u/J  In  d)  changes  as  d  changes.  For  the  system 

NH.C10,  +  polyurethane  (fer  oxidizer  fuel  ratios  90:10  and  80:20)  the  slope 
4-  4 

of  the  theoretical  curve  (coordinates  log  u,  log  d)  increases  with  increases 

in  d,  i.e.  the  dependence  of  u  on  d  becomes  greater  as  d  increases. 

This  result  is  also  doubtful.  The  mean  value  of  the  exponent  n  ever  the 

appropriate  range  of  d  in  the  theoretical  relationship  u  «  d  for  the 

system  NH, CIO  -polyurethane  lies  between  0.5  and  0.6,  i.e.  the  theoretical 
4  4 

dependence  of  u  on  d  is  too  high  in  this  case  also. 

Another  approach  to  the  solution  of  this  problem  was  used  in  Ref .  1 2(2^ 

This  is  the  only  work  so  far  which  has  taken  into  account  the  experimental 
fact  that  along  the  surface  of  contact  of  the  components  a  wedge-shaped  recess 
is  formed  in  which  the  flame  is  located.  The  expression  for  the  velocity  of 
the  flame  in  Ref. 144  is  found  from  the  condition  that  at  the  'tip'  of  the 


*The  velocity  of  propagation  of  a  flame  does  not  depend  on  pressure  for 

only  one  system  (KMnO  -perspex)^?  over  a  wide  range  of  pressure  (5-100  atm). 

4 
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flame  (i.e.  at  the  point  of  the  flame  nearest  to  the  unbum t  mixture)  the 
critical  flow  of  substance  is  attained  which  can  still  be  consumed  by  chemical 
reaction  in  a  diffusion  flame.  The  expression  for  the  burning  rate  is 
obtained  in  an  explicit  foim.  Although  this  appears  cumbersome,  it  is 
nevertheless  clear  that  the  rate  of  burning  must  depend  on  pressure.  This 
is  also  in  agreement  with  experiment. 

An  absolute  value  of  the  rate  of  burning  is  also  given  in  Ref.  144* 

This  evaluation  agrees  in  order  of  magnitude  with  the  experimental  data  of 
Ref.  124.  Agreement  with  experiment  would  be  better  if  the  fact  7/as  included 

that  the  thermo-physical  properties,  especially  the  heat  cf  vaporisation,  of 
the  fuel  and  oxidizer  usually  differ  greatly  from  or.c  another.  Therefore  the 
actual  recess  in  the  layer  of  fuel  is  sharper  than  in  the  layer  of  oxidizer, 
whereas  a  syranetrical  configuration  was  considered  in  Ref*  144*  The  evalua¬ 
tion1^  of  the  width  d  of  the  layer  cf  ccmr  oncnt  at  which  the  burning  rate 
ceases  to  depend  on  d,  calculated  to  be  s  0.026  cm,  can  refer  tc  the 
fuel  but  not  to  the  oxidizer,  7/hich  by  experiment  is  d*  s  1  cm.  In  addition 
d*  depends  cn  the  pressure  (see  below). 

E  INCREASE  OF  EJRNIN&  PATE  BY  PHBCDPCTION  OP  BE?.?  ADDITIVES 

It  is  useful  tc  consider  the  fact  that  the  mass  (and  even  linear)  burning 
rate  of  a  condensed  system  can  in  principle  be  increased  by  the  introduction 

A  21 

of  an  inert  additive 

According  to  (8)  the  mass  burning  rate  is 


p  w 

sr2 

C 

2 

!  q 

*  E 

It  follows  that,  ether  conditions  being  equal,  m  increases  as  the  heat  of 
combustion,  q,  decreases.  This  result  is  of  little  significance  if  q 
changes  solely  owing  to  the  introduction  of  an  inert  auditive. 

The  subscript  'a*  (active)  denotes  quantities  referring  tc  the  undiluted 
system,  and  the  subscript  'in'  (inert)  denotes  quantities  referring  to  the 
inert  additive.  Quantities  referring  to  the  mixture  (active  substance  +  inert 
additive)  are  left  without  a  subscript.  The  heat  of  combustion  of  a  system 
with  additive  is  q  =  q  (l  -  x)>  where  x  is  the  fraction  cf  additive  by 
weight.  The  rate  of  heat  release  in  unit  volume  of  flew  is 
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—1 

6  =  q  Ocal/gm  A  •  (gm  .  cm  J  sec  )  , 

rmax  as  ^  &^act/  maxveact  '  ’ 


where  W  _  is  the  mass  rate  of  reaction  of  active  substance  in  a  mixture 
max 

containing  inert  additive  (at  T  =  T  ).  Neglecting  the  change  in  X  and  E, 

o 

we  obtain 


If  only  extremely  small  particles  are  considered,  then  V’ ,  the  fraction  of 
the  volume  occupied  by  the  particles  in  the  two-phase  flaw,  is  exceedingly 
small  (i.e.  1  -  V*  a  l).  In  equation  (93)  as  x  increases,  the  factor 
l/l  -  x  causes  m/m  tc  increase,  whereas  a  very  sharp  reduction  of 
\iax/^max^a  rcsul‘tinS  from  the  reduction  of  T max/(Tnm:)aJ  causes  m/ma  to 
decrease.  The  resulting  value  of  m/m  for  an  inert  additive  can  be  either 

€L 

less  or  greater  than  unity,  but  not  larger  than  1/(l  x)  >  thus  the  limiting 
value  of  m/m  is  1.11  for  x  =  0*1  and  1.25  fc r  x  =  0.2,  etc. 

£L 

The  significance  of  the  factor  l/(l  -  x)  in  equation  (93)  becomes 
clear,  if  m  is  written  as  the  sum  of  the  flow  of  active  substance  m(l  -  x) 
and  inert  additive  mx«  Then  for  the  cess  burning  rate  of  active  substance 


i.e.  the  mass  burning  rate  of  active  substance  can  only  decrease  with  increase 
in  x* 


Thus  the  term  l/(1  -  x)  describes  the  increase  of  mass  burning  rate  as 

a  result  of  addition  of  a  mass  of  inert  substance.  With  the  addition  of 

inert  particles  of  low  specific  heat  and  high  density  the  limiting  value 
m  1 

— —  «*■  ~  can  be  approached  quite  closely.  It  is  not  very  difficult  to 

*  A» 
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obtain  the  expression  for  the  linear  burning  rate  by  using  expressions  similar 
to  those  given  in  section  7>B 


In  this  expression  the  factor  .  M  +  —  •  - ]  ,  which  increases  as  x 

increases,  gives  the  upper  limit  of  the  increase  of  u/u  .  This  is  related 
to  the  fact  that  for  the  same  rate  of  reaction  in  the  gas  phase  the  linear  rate 
of  burning  cf  the  system  with  inert  additive  must  be  higher  so  as  to  be  able  to 
supply  the  necessary  amount  of  substance  in  the  reaction  zone  (small  inert 
particles  occupy  an  appreciable  part  of  the  volume  in  the  solid  phase  and  a  *’ 
negligibly  small  one  in  the  two-phase  flow). 

9  MULTIDBaETSIOHAL  CHARACTER  CF  BURNING-  OP  C0NE3NSED  HKTUHSS 

For  extremely  finely  dispersed  (d  <  dmin)  mixtures  with  vaporizable 
components  combustion  takes  place  in  the  kinetic  regime,  and  the  combustion 
front  is  plane  (Fig.l8a).  When  d  becomes  greater  than  d^^  the  mixing 
cones  cease  to  be  enclosed  within  the  boundaries  of  the  preheating  zone.  At 
the  surface  of  the  combustion  front  cone  shaped  projections  appear,  where 
combustion  already  displays  a  diffusion  character  (Fig. 1Gb).  The  size  cf  the 
projections  increase  as  d  increases  and  the  surface  of  the  combustion  front 
becomes  more  and  more  distorted  (Fig.  18c). 

It  should  be  noted  however  that  for  any  value  of  d,  however  large,  the 

'tips’  of  the  flame  are  located  in  a  homogeneous  mixture,  since  the  mixing  of 

the  components  starts  earlier  than  the  reaction  between  them.  Correspondingly 

burning  at  the  'tips'  of  the  flame  (in  a  zone  cf  width  about  d  .  )  takes 
r  min' 

place  in  the  kinetic  regime,  but  above  this  is  located  the  diffusion  flame 
(height  about  mi  */D) . 

The  surface  of  the  condensed  phase,  generally  speaking,  is  not  plane 

even  for  d  <  d  .  because  of  the  difference  in  the  rate  of  valorisation  of 
min  . 

the  components.  For  large  values  of  d  deep  recesses  inside  which  burning 
t<?kes  place  are  formed  along  the  surface  of  contact  of  the  components. 

Thus  for  d  >  d^n  combustion  of  condensed  mixtures  is  essentially  multi¬ 
dimensional,  The  combustion  front  consists  of  a  scries  of  tongues  of  flame 
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the  Hips*  of  which  penetrate  deeply  into  the  condensed  phase  along  the  surface 
of  contact  of  the  components.  In  their  upper  part  the  tongues  of  flame  merge 
together  into  a  single  diffusion  flame. 

The  multidimensional  character  of  the  surface  of  the  condensed  phase  can 
be  clearly  observed  by  means  of  cine-photographs  during  combustion  (Fig.  19)  and 
also  by  the  examination  of  burnt  charges.  Under  certain  conditions  the 
oxidizer  crystals  form  the  projections  and  the  fuel  the  recesses;  under  other 
conditions  the  reverse  may  happen.  Observation  of  the  burning  surface  is 
frequently  made  more  complicated  by  the  fact  that  the  vaporisation  of  each 
given  oxidizer  crystal  or  of  fuel  is  a  non-stationary  process.  In  addition 
there  is  frequently  a  liquid  or  solid  condensed  residue  on  the  surface.  "r/hen 
studying  extinguished  charges  errors  can  result  from  the  nan-homogeneous 
extinguishing  of  the  charge  (the  time  during  which  the  vaporisation  process  can 
be  suppressed  may  be  different  for  the  fuel  and  oxidizer). 

Experimental  observations  *'*  ^  1  '  have  shewn  that  at  high  pressures 

and  high  burning  rates  the  crystals  of  NK^CIO^  form  recesses  an  the  surface, 
and  the  fuel  projects.  At  low  pressures  and  lam  burning  rates  this  difference 
is  smoothed  out  or  the  oxidizer  crystals  begin  to  project.  Thiokol  polymer 
was  used  as  fuel  in  Ref.  105,  and  2.2*.  parts  by  weight  unsaturated  polyester  and 
1  part  by  weight  nitroglycerine  was  used  in  Ref.  12*6. 
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This  type  of  structure  of  the  surface  cf  charges  was  observed  for 
mixtures  of  KH.C10,  with  raslcnic  acid  and  succinic  acid  and  starch.  For  a 
mixture  of  NH^CIO^  with  naphthalene  (a  very  volatile  fuel)  only  NH^CIO^  was 
found  on  the  surface  of  extinguished  charges  along  with  a  anall  quantity  of  the 
decomposition  products  of  naphthalene.  Cn  the  other  hand  for  a  mixture  of 
NH^CIO^  with  tungsten  there  was  an  accumulation  of  tungsten  (the  non-volatile 
component)  on  the  surface. 

12L_ 

In  section  6,C  .the  results  of  investigations  ^  were  mentioned  in  which 
measurements  were  made  on  the  shape  of  the  recesses  formed  on  a  plate  of 
perspex  during  combustion  in  the  following  system:  layer  of  ICC  10^  of  thickness 
d  between  two  thick  plates  of  perspex.  The  experiments  were  conducted  in 
nitrogen  at  1  atm  abs  and  the.  flams  was  suddenly  extinguished  at  a  known  time 
by  a  stream  of  water.  The  profile  of  the  plate  was  measured  under  a  micro¬ 
scope  with  micrometer  traverses  on  three  mutually  perpendicular  axes.  In 
Fig. 20  is  sham  the  moan  profile,  taken  over  many  measurements,  cf  the  recess 
for  oxidizer  layers  of  thickness  25  and  3.8  mm.  The  angle  of  burning  <p 
(i.e.  the  angle  between  the  tangent  to  the  profile  of  the  recess  and  the 
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direction  of  pi*opagation  of  the  flame)  decreases  smoothly  in  proportion  to  the 
distance  from  the  flame  'tip*.  In  the  initial  portion  (2  to  3  nm)  the  mean 
value  of  <f>  its  ~32°  for  d  =  25  nm  and  ~ 13 °  for  d  =  3*8  nm.  The  burning 
rate  increased  with  decrease  of  d  (from  0.50  nrn/sec  for  d  =  25  mm  to 
0.97  mny'sec  for  d  =  3*8  ran).  Thus  the  angle  cf  burning  becomes  less  as  the 
burning  rate  increases  owing  to  the  decrease  in  d. 

The  angle  cf  burning  also  becomes  less  if  the  burning  rate  increases 
curing  to  increase  in  pressure.  In  the  same  work  ^  the  mean  angle  of  burning 
was  measured  for  thickness  d  =  0.9  mm  for  vinyl  plastic t 

p,  atm  10  20  30  lfi 

u,  mn/sec  1.37  2.12  2.43  2. 73 

<t>m  19°  14°  50*  14°  40'  15°  * 


—0  55 

These  results  car*  be  expressed  by  the  empirical  relationship  sin  £  x  0*4  u  . 

It  was  not  possible  to  obtain  4  reliable  measurements  of  the  angle  of 
burning  in  the  oxidizer  layer,  since  in  extinguishing  the  charge  with  water 
the  surface  cf  the  oxidizer  layer  was  damaged.  Measurements  carried  cut 
during  combustion,  in  the  case  of  such  oxidizers  as  KC10^,  XClOy  KMnO^  and 
BaOp,  are  made  more  complicated  by  the  presence  cf  condensed  residue. 
Approximate  measurements  (based  on  the  appearance  of  temper  colours  on  needles 
introduced  into  the  oxidizer  layer)  gave  <j>  k  55-65°  for  KD10^  at  1  atm  abs 
and  d  =  25  nm. 

10  MULTISTAGE  BURNING-  OF  CONDENSED  MIXTURES 

In  the  case  of  systems  of  mixtures  with  vaporizing  components  (for 

d  >  d  .  )  there  are  two  combustion  zones:  at  points  in  the  flame  which  arc 
mm 

not  very  close  to  the  unbumt  mixture  combustion  take  place  in  the  kinetic 
regime  and  the  diffusion  flame  is  located  above. 

It  is  suggested"^  *  '04*118  ct  al,  y^at  pcr  SyStc:ns  based  on  and 

NH.C10.  a.  third  zone  also  exists  in  which  an  exothermic  reaction  occurs.  In 
4  4 

this  zone,  located  inmediately  above  the  surface  of  the  oxidizer  crystal, 
combustion  of  the  vaporization  products  takes  place. 

In  the  case  of  NH^NO^  vaporization  of  the  oxidizer  proceeds  according  to 
the  reaction: 


126 


NIl^KO,  -+  NH-  +  HNO^  -  ip.  5  kcal/mole  j 


aranonia  and  nitric  acid  vapour  form  a  flame  with  a  calculated  temperature  of 
o  97  118 

~1250  K  *  near  to  the  surface  of  the  crystal. 

In  the  case  of  JJH. CIO.  the  oxidizer  vaporizes  by  the  reaction: 

if  ■ 


NH.  CIO.  ->  NK^  +  HC10.  -  56  kcal/mole 
if  if  3  if 


and  the  aranonia  and  perchloric  acid  vapour  bum  near  the  crystal  surface  with 
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a  calculated  flame  temperature  of  1380  K  at  1  atm  abs  . 

It  would  be  interesting  to  study  the  characteristics  of  the  NK^  +  HCIO^ 

flame  directly  but  this  is  not  possible  due  to  experimental  difficulties. 

However  successful  studies  have  been  made  of  the  combustion  of  HC10,  alone 

if 

(decomposition  flame)  and  the  combustion  of  mixtures  of  HC10.  with  H,.,,  CK. ,  CO 

,  . .  _  ,  12,8,120  4  4 

and  other  fuels  . 

The  decomposition  of  KC10.  at  high  temperatures  proceeds  according  to 

..  1If8  4 

the  reaction  : 


KOIO^  ->  HC1  +  20^  +  21  kcal/mole  • 


The  combustion  of  the  vapour  was  studied  ^  of  72/  aqueous  KCIO^  solution 
which  corresponds  tc  HCIO^  +  2.17  H^O*  at  210°C.  The  burning  rate  was 
Um  ~  ^  crr/sec,  m  ss  0.021  gm  cnf^  seo“^;  the  calculated  flame  temperature 
was  1076°K. 

The  rate  and  temperature  of  burning  increase  considerably  with  the 
addition  of  a  gaseous  fuel  tc  the  KCIO^  vapour  (Table  33) • 


'"Anhydrous  HC10.  is  too  unstable, 
if 
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TABLE  53 

Mass  rate  of  burning  and  combustion  temperature  of  homogeneous  mixtures 

1 


(HC10,  +  2.17  H20  +  xN£)  -  gaseous  fuel12’’9,  p  =  1  atm  abs,  TQ  =  210°C 


Fuel 

X 

/  -2  -1 
m,  gnycm  sec 

a 

u 

max 

“t 

max 

Tmax* 

°K 

Toc=  1* 
°K 

EBD 

~ - 

K  =  0.4 

CH, 

4 

1 

0.48 

0.558 

O.46 

0.41 

0.67 

0.90 

2630 

2620 

CO 

0 

0.285 

0.334 

0.388 

0.37 

0.50 

- 

- 

- 

ch3oh 

2 

0.459 

0.503 

0.395 

- 

0.72 

0.91 

2520 

2505 

Ic2H6 

1 

0.502 

0.545 

0.432 

0.72 

O.84 

2650 

26l£ 

For  the  same  flame  temperature,  the  burning  rate  of  mixtures  with  HC10. 
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Hence  HC10,  dees  not  sirnoly 
4 


is  higher  than  for  those  with  oxygen 

decompose  to  release  oxygen,  but  is  also  a  more  active  oxidizer.  The  mass 

burning  rate  of  pure  Nil. CIO.  at  i  atm  abs  and  200-220CC^  is  0.029  to  O.O36  gm 
-2-1  44 

cm  sec  ,  i.e.  it  is  considerably  les3  than  the  value  of  m  for  mixtures  of 

HC10.  with  gaseous  fuels.  This  is  not  unreasonable  since  the  vaporization  of 
4 

NH.C10.  -»  NH,  +  HC10.  is  a  strongly  endothermic  process  and  the  combustion 
4  4  j  4  cl 

temperature  of  NH^CIO^  is  low  (1380  iC). 

The  mass  burning  rate  of  NH.C10,  -  polyester  mixtures 
-  *  *  -2-1 


151 


at  1  atm  abs 


aixl  200  C  lies  within  the  limits  0.20  to  0,27  gra  cm  sec  ,  i.e.  it  is  quite 

close  to  the  value  of  m  for  mixtures  of  HC10.  with  gaseous  fuels,  although 

4 

it  is  smaller. 


Direct  observations  on  the  kinetic  combustion  zones  under  consideration 

are  extremely  difficult,  since  the  distance  from  these  zones  to  the  surface  of 

-3  -5 

the  charge  can  be  calculated  to  be  10  to  10  cm.  Only  during  the  burning 

232 

of  relatively  large  (several  millimeters)  spheres  of  NH^CIO^  in  propane  are 

two  combustion  zones  clearly  observed  on  cine-photographs,  and  that  directly 

adjoining  the  surface  of  the  sphere  apparently  results  from  the  combustion  of 

NH,  +  HC10 . . 

3  4 

A  LEADING  STAGE  OF  CCMBUSTION 

In  chapter  I  it  was  observed  that  combustion  can  proceed  in  several 
widely  separated  stages  in  homogeneous  condensed  systems  and  in  even  homo¬ 
geneous  gaseous  systems.  This  is  related  to  the  special  characteristics  of 


the  chemical  reaction  kinetics  in  such  flames  since  the  reactions  proceed 
stepwise.  Such  a  ‘multistage  chemical'  character  can.  also  he  associated  with 
systems  of  mixtures.  However,  the  existence  of  several  combustion  zones, 
considered  at  the  beginning  cf  section  10,  is  associated..not  v/ith  the  ’multi¬ 
stage  chemical’  character  but  with  the  presence  in  the  system  of  two  different 
components  ('one  of  which  -  the  oxidizer  -  is  capable  of  self-sustained  burning) 
and  with  the  multidimensional  character  of  burning. 

The  problem  of  multistage  burning  is  the  question  of  the  extent  to  which 
each  stage  influences  the  burning  rate,  or  in  other  words  to  what  extent  the 
burning  rate  changes,  if  the  reaction  in  a  given  stage  is  either -retarded  or 
accelerated,  without  changing  the  rate  of  the  reaction  in  the  other  stages. 

In  section  5  ‘this  question  wa3  examined  for  homogeneous  systems.  For 
homogeneous  systems  the  suggestion  has  .been,  put  forward  in  se.veral  papers  (for 
example  138,  153  and  others)  that  in  multistage  burning  there  is  not 
infrequently  one  leading  stage,  which  determines  the  burning  rate.  The 
remaining  subsidiary  stages  are  controlled  by  the  burning  rate. 

This  supposition  seems  reasonable  for  a  plane  combustion  front  which  wa3 
considered  in  the  works  mentioned  above.  In  fact  there  is  a  single  value  for 
the  burning  rate  for  a  plene  combustion  front  with  a  given  temperature  and 
composition  of  reagents  .  If  a  catalytic  additive  is  introduced,  which, 
for  example,  increases  the  rate  of  decomposition  of  the  initial  substance  into 
intermediate  products,  without  changing  their  temperature  or  composition,  then 
the  leading  reaction  zone  begins  to  be  moved  by  the  in, ...ceased  flow  of  inter¬ 
mediate  products  in  a  direction  away  froit  tho  surface  of  the  charge,  until,  as 
result  of  the  decrease  an  heat  flow  from  the  leading  stage,  the  velocity  of 
tho  subsidiary  stage  again  returns  to  its  original  value.  At  the  same  time 
only  the  temperature  profile  changes  throughout  the  whole  combustion  zone,  and 
in  particular  the  temperature  decreases  at  the  surface  of  the  charge. 

This  treatment  refers  .;o  the  oase  where  the  leading  stage  is  located 
further  from  the  unbumt  mixture  than  the'  subsidiary  stages.  Alternatively, 
when  the  subsidiary  stages  arc  located  farther  away  than  the  leading  stage, 
then  if  there  is  an  increase  in  the  rate  of  the  leading  stage  and  an  unchanged 
rate  of  reaction  in  the  subsidiary  stage,  it  would  seem  that  the  zone  of  the 
subsidiary  reaction  should  be  displaced  by  the  flow,  i.e.  such  a  configuration 
would  be  unstable.  In  practice  this  does  not  occur  (sco  section  5)» 

The  existence  of  a  leading  3tage  during  the  burning  of  ccr.densed  mixtures 
was  examined  in  Ref.  1 55* 
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When  the  multidimensional  "burning  characteristics  of  condensed  mixtures* 
for  d  >  fl  .  (see  above)  are  considered,  the  logical  expressions  which 
showed  the  necessity  for  a  leading  stage  of  combustion  lose  their  significance* 

In  fact  for  multidimensional  burning  there  is  no  single  value  of  the  rate 
for  a  given  temperature  and  reagent  composition,  since  there  is  an  additional 
independent  parameter  -  the  area  of  the  combustion  front  for  unit  cross-section 
of  flow. 

As  an  example  consider  the  fairly  conmon  case  of  condensed  mixtures  in 
which  the  oxidizer  is  capable  cf  self -sustained  combustion  and  the  fuel  is 
able  to  vaporize  as  a  result  of  heat  transfer  from  outside.  The  intermediate 
products  formed  during  the  burning  of  the  oxidizer  mix  with  the  intermediate 
products  formed  during  the  vaporization  of  the  fuel  arid  form  a  flame  which 
near  its  ’tip*  has  a  kinetic  and  above  it  a  diffusion  character* 

Introduction  of  a  catalytic  additive,  which  for  example  accelerates  the 
burning  of  the  oxidizer  hut  does  not  change  either  the  temperature  or  the 
concentration  of  intermediate  products,  should  rapidly  change  the  farm  of  the 
surface  of  the  charge  and  the  shape  of  the  diffusion  flams.  Assume  that 
initially  the  vaporization  cf  the  fuel  and  the  oxidizer  take  place  in  the  same 
plane.  After  addition  of  the  catalyst,  which  accelerates  the  oxidizer 
decomposition,  but  does  not  have  any  effect  on  the  vaporization  of  the  fuel, 
the  oxidizer  particles  will  form  recesses  and  the  fuel  will  project.  Con¬ 
sequently  the  shape  of  the  diffusion  flame  changes.  The  burning  rate  also 
changes,  since  it  could  not  remain  constant  for  two  different  configurations 
of  the  combustion  zone. 

The  diffusion  flame  is  also  not  a  subsidiary  stage.  Direct  experiments 
(see  section  13)  show  that  on  changing  the  velocity  of  a  diffusion  flams  by 
changing  the  degree  of  mixing  of  the  components  the  burning  rate  as  a  whole 
is  changed. 

Thus  theoretical  considerations  show  that  the  rate  of  mult/  dimensional 
multistage  burning  is  net  determined  by  processes  taking  place  in  any  one 
stage. 

However  the  effect  cf  the  various  zones  on  the  rate  of  burning  is  not  the 
same.  For  condensed  mixtures  the  proposition  remains  valid  that  only  those 
zones  which  are  not  too  far  away  have  any  significant  effect  on  burning. 

♦Multidimensional  burning  can  also  exist  in  homogeneous  systems  if  it  i3 
accompanied  by  the  formation  of  a  condensed  residue  such  as  flakes  cf  scot. 


In  section  10, B  this  js  examined  in  more  detail.  However,  it  is  necessary  to 
hear  in  mind  that  the  effect  of  the  i-th  stage  on- the  rate  of  burning  cannot 
be  correctly  assessed,  if  only  the  direct  heat  transfer  frcra  this  zone  to  the 
uriburnt  substance  is  considered.  The  supplementary  flow  of  heat  from  all  the 
(i-l)  stages  between  the  unbumt  substance  and  the  i-th  stage,  associated  with 
the  rise  in  temperature  within  the  boundaries  of  these  zones  owing  to  the 
transmission  of  heat  from  the  i-th  stage,  can  be  much  mere  significant.  Hence 
only  that  zone  which  is  located  far  away  not  only  from  the  unbumt  mixture  but 
also  from  the  intermediate  combustion  zones  is  'sufficiently  far  away*. 

Direct  observations  of  all  the  combustion  zones  of  tho  systems  of 
mixtures  considered  above  present  great  experimental  difficulties  and  have 
not  yet  been  carried  out,,  So  far  there  has  been  even  less  succoss  in  using 
direct  experiments  to  determine  tc  what  extent  each  of  these  zones  affects  the 
burning  rate.  Only  indirect  treatments  of  this  problem  exist  in  the 
literature. 

■  '  ’  07  -\ax  no 

It  is  suggested'  *  *  that  for  mixtures  based  on  HH^NO^  the  basio 

role  is  played  by  the  HH^  +  HNO^  flame  near  to  tho  surface  of  the  oxidizer 
crystals.  The  fell  owing  arguments  support  this  view: 

(1)  Many  powders  and  model  mixtures  based  on  NK^KO^  have  the-  seme  rate, 

of  burning  as  NH^NO^  without  fuel,  when  as  well  as  the  mixtures  based, 

on  it  contain  the  samo  catalyst. 

(2)  A  change  cf  the  molecular  weight  of  a  polymer  has  a  greht  effect  cn 
the  rate  of  pyrolysis  and  hence  must  have  a  great  effect  cn  the  characteristics 
of  the  diffusion  flame*.  However,  the  burning  rate  is  practically  independent 
of  .a •change  in  the  molecular  y/eight  of  the  polymer. 

For  mixtures  based  a*  KH^CIO^  it  is  proposed  in  Refs,  104,  14^  and  else¬ 
where  that  the  basic  role  is  played  by  the  flame  cf  the  decomposition  products 
of  the  oxidizer  (NH^  +  HCIO^) It  has  been  showrJ^'  that  it  is  necessary 
fundamentally  to  include  the  increase  in  temperature  in  the  HK^  +  KCIO^  flame 
zone  due  to  the  transfer  of  heat  from  the  diffusion  flame  which  thus  results 
an  an  increase  in  the  burning  rate. 

An  assessment  of  the  distance  b  between  the  surface  of  a  crystal  of 
HHjGlO^  and  the  KK^  +  EDIO^  flame  is  given  in  Ref. 104*  This  distance 
was  very  small,  cf  the  order  of  a  micron. 

This  conclusion  is  far  from  obvious  and  moreover  has  not  been  verified 
exp  erimentally  • 
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Such  an  assessment  is  easily  deduced  frcm  the  heat  balance  equation  on 
the  assumption  that  the  burning  rate  is  determined  only  by  the  NH^  +  HCIO^ 
flame  zone: 


pu[o(Ts  -  T0)  +  Q] 


(95) 


3  *~1  —1 

where  for  NH.C10,  p  =  1.95  gVcm,  c  =  0.26  cal  gm  deg  ,  the  heat  of 
4  4  _2l  -1 

vaporization  Q  ~  56  kcal/mole  =  477  cal/gm  and  also  X  «  2.10  ^  cal  cm 

sec"^  deg*^,  T  =  1110°G. 
c 

At  35  atm  (T  «  680°C1^)i  u  s  0.3  cnv/sec)  a  value  A  k  2.3  P  is 

obtained  from  (95)  and  at  70  aim  (T  ~  720cC1^>  and  u  s  0.7  cm/aec)  a 

s 

value  A  «  0.9  p. 

Although  the  experimental  dependences  of  the  burning  rate  of  multistage 

combustion  on  the  pressure  and  initial  temperature,  etc,  differ  very  little 

from  the  parallel  relationships  for  single-stage  burning,  theoretical 

expressions  have  not  yet  been  obtained  for  the  burning  rate  of  multistage 

10S 

combustion  (see  section  5) •  It  is  true  that  Surmerf ield' 3  equation  J  for 
the  dependence  of  the  bumang  rate  of  two- stage  combustion  (kinetic  zone  + 
diffusion  zone)  on  pressure  is  widely  used  in  the  literature,  i.e. 


1 

u 


(96) 


E/2RT 

where  a  is  determined  by  kinetic  factors  (in  particular  a  «  c  ). 

The  coefficient  b  is  determined  by  diffusion  factors  (in  particular, 
bad).  However  in  the  derivation  of  (96)  a  series  of  arbitrary  assumptions* 
has  been  made  and  hcncc  this  should  be  regarded  only  as  an  empirical  equation 


♦It  is  assumed  that  the  vaporization  products  of  the  fuel  and  oxidizer 
ferni  separate  'pockets*  and  also  that  the  mass  of  a  'pocket'  docs  not  depend 
on  the  pressure  and  is  snail  in  comparison  with  the  mass  of  an  oxidizer 
crystal  or  layer  of  fuel.  It  is  assumed  also  that  the  temperature  gradient 

can  be  written  in  the  form  (T  -  T  )/(?.  +  1,),  where  1.  and  1,  are  the 

widths  of  the  kinetic  and  diffusion  zones,  etc. 
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suitable  for  those  mixtures  in  which  the  exponent  v  in  the  equation  u  =  bpV 
is  greater  than  y  • 

B  ZONE  WHICH  CONTROLS  BURNING-  PATE 

The  proposition  (formulated  in  Refs.  124,  156  and  elsewhere)  that  the 
burning  rate  of  systems  of  mixtures  is  not  controlled  by  the  whole  of  the 
reaction  zone  in  which  the  initial  mixture  is  converted  into  the  final  combus¬ 
tion  products,  but  only  by  a  certain  part  of  it  (‘zone  of  influence’,  ’active 
combustion  zone’,  etc)  abutting  on  the  cliarge  surface,  has  proved  to  be  most 
useful  in  explaining  experimental  data. 

Some  idea  of  the  width  of  the  zone  of  influence  can  be  obtained  from  the 
experiments  on  the  propagation  of  a  flame  along  the  surface  of  contact  of 
plane  layers  of  perspex  end  KCIO^  Various  thin  films  were  pressed  or 
deposited  fran  solution  on  to  the  surface  of  the  perspex  layer.  For  poly¬ 
ethylene  films  of  increasing  thickness  A,  the  velocity  of  the  flame  at  first 
increased  arid  then  (Fig.  21 )  for  a  certain  thicicness  A*  developed  a  plateau. 
The  value  A*  is  evidently  equal  tc  the  thickness  of  the  film  which  can  hum 
completely  in  the  zone  of  influence.  Further  increase  in  thickness  (above 
Aw)  of  the  polyethylene  film  no  longer  has  any  effect  on  the  burning  rate, 
since  the  latter  is  unaffected  by  what  occurs  outside  the  zone  of  influence  - 
whether  polyethylene,  or  perspex  is  burning  there.  With  increase  of  pressure 
the  value  of  Ay  decreases  (from  Ay  sj  0.9  ran  at  10  atm  gauge  to 
Ay  a  0.2  mm  at  30  atm  gauge).  If  the  angle  of  burning  of  polyethylene  is 
equal  to  $,  then  tho  height  of  the  zone  of  influence  is  equal  to 
^inf  1  ~  co^  **or  Pclyetlbrlone  the  angle  of  burning  was  not  measured. 

If  it  is  assumed  that  the  value  of  <j>  for  polyethylene  is  the  same  as  for 
vinyl  plastic,  then  at  10  atm  «  0.9  cot  19°  k  2.6  mm,  and  at  30  atm 

^infl  ~  cot  ‘k°  •  AO1  ~  O.76  mm. 

The  size  of  tho  zone  of  influence  for  ordered  systems  can  also  bo 
evaluated  from  the  dependence  of  the  flame  velocity  u  on  the  thickness  of  the 
oxidizer  layer  d  .  With  increase  in  d  the.  velocity  cf  the  flame  at 
first  falls  and  then  at  a  certain  value  (d  )y  straightens  out  into  a 
plateau  (Fig,. 54) •  As  in  the  case  of  Ay  the  value  of  (d^Jy  is  equal  to 

tho  thickness  of  layer  which  can  burn  completely  in  the  zone  of  influence. 

The  value  (dQX)*  is  5-6  nm  for  the  KOlO^-pcrspcx  system^^^.  It  is  not 
possible  to  calculate  the  height  of  the  zone  cf  influence  starting  from 
(d^)*,  since  tho  angle  cf  burning  in  the  layer  cf  oxidizer  was  not  measured. 


In  the  usual  disordered  mixtures  the  size  of  the  zone  of  influence  and 
the  fraction  of  the  components  which  succeeds  in  reacting  in  the  zone  of 
influence  must  depend  on  the  particle  size  of  the  components  and  also  on  the 
pressure,  etc.  Special  experiments  in  which  the  width  of  the  zone  of 
influence  could  be  measured  have  not  yet  been  carried  out. 

Nevertheless-,  seme  conclusions  may  be  deduced  from  the  experimental 
dependence  of.  the  burning  rate  on  the  degree  of  mixing  of  the  components,  the 
ratio  of  the  components,  the  pressure,  etc  (see  chapter  III).  For  ordinary 
disordered  mixtures  the  size  of  the  zone  of  influence  is  evidently  considerably 
less  than  for  the  ordered  systems  which  have  just  been  considered.  For  an 
oxidizer  particle  3ize  of  several  hundred  microns  and  not  too  low  pressures  it 
is  not  possible  for  the  components  to  react  completely  in  the  zone  of  influence. 
The  fraction  of  the  components  reacting  in  the  zone  of  influence  falls  rapidly 
with  increase  of  d,  but  the  absolute  size  of  the  zone  of  influence  evidently 
increases  somewhat  with  increase  in  d. 

The  heat  used  to  heat  the  particles  which  react  a  long  way  downstream 
from  the  zone  of  influence  is  not  compensated,  generally  speaking,  by  the  heat 
transferred  from  distant  parts  of  the  flame.  The  presence  of  such  particles 
in  the  zone  of  influence  results  only  in  a  loss  of  heat.  In  other  words 
combustion  in  the  zeno  of  influence  takes  place  in  the  presence  not  only  of 
sources  of  heat  (as  a  result  of  chemical  reaction),  but  of  heat  sinks  (heat 
exchange  to  particles  reacting  outside  the  zone  of  influence).  Other  condi¬ 
tions  being  equal,  heat  losses  become  higher  as  the  tenperature  transfer 
coefficient  of  the  particles  increases,  and  the  size  of  the  particles 
decreases. 

In  many  cases  the  components  first  vaporize  and  then  subsequently  react 
with  one  another.  If  the  particle  size  of  the  components  is  sufficiently 

small,  and  their  volatility  high,  the  particles  vaporize  conplotcly  and  the 
mixture  ratio  remains  the  same  as  in  the  initial  mixture.  However  with 
increase  in  particle  size  of  the  coupon ents  different  fractions  of  fuel  and 
oxidizer  succeed  in  turning  into  gas  within  the  boundaries  of  the  zone  of 
influence.  Consequently  fche  mixture  ratio  in  the  gas  phase  begins  to  differ 


m 


from  the  initial  mixture  ratio  in  the  direction  of  an  excess  of  the  more 
volatile  component** 

In  section -6,0  it  was  noted  that  in  the  "burning  of  ordinary  disordered 
mixtures  the  rate  of  vaporization  of  the  components  depends  on  the  heat  of 
vaporization.  Consequently  mixtures  that  are  net  too  finely  divided  contain 
more  oxidizer  in  the  ga3  phase  within  the  "boundary  of  the  zone  of  influence 
than  the  original  mixture,  since  the  heat  of  vaporization. of  KCIO^  i3  close 
to  zero  and  the  decomposition  of.  NHjClO^  and  NHjMD^  *s  accompanied  "by  the 
formation  of  the  KH^  +  HCIO^  (or  NHj  +  KNO^)  flame  and  thus  takes  place  with 
heat  release.  However,  the  vaporization  of  ordinary  organic  fuels  requires 
a  considerable  expenditure  of  heat. 

C  MODEL:  COMBUSTION  CP  AN  OXIDIZER  PARTICLE  +  VAHMZAJIOK  OP  A  LAXER 

OF  FUEL 

Various  works  ^  ^  ^  e^’  a^*  have  already  been  mentioned  in  which  it  is 
suggested  that  the  rate  of  burning  of  compositions  based  on  NH^CIO^  the 
same  as  the  rate  of  burning  of  crystals  cf  pure  NK^CIO^  after  making  allowance 
for  the  temperature  increase  in  the  +  HCIO^  flame  as  a  result  of  heat 
transfer  from  the  diffusion  flame. 

However  it  is  also  necessary  to  take  into  account  the  rate  of  transfer 
of  burning  fran  one  crystal  of  oxidizer  to  another  through  the  fuel  layer. 

It  is  therefore  relevant  to  considor  the  following  elementary  model  of  combus¬ 
tion.  Let  the  oxidizer  crystals,  identical  in  si  so,  be  distributed  uniformly 
in  the  fuel.  The  time  of  burning  cf  a  portion  of  the  charge  of  length 
d^  +  d^  is  equal  to  (dQX/u QX)  +  (d^/w) ,  where  uqx  is  the  rate  of  burning 
of  an  oxidizer  crystal  with  allcwnace  for  the  heat  transfer  from  the  flame, 
and  w  is  the  rate  of  vaporization  of  fuel  as  a  result  of  the  heat  transfer 
from  the  diffusion  flame.  The  mean  rate  of  burning  of  the  composition  is 


*In  thi3  respect  the  burning  of  not  too  finely  divided  condensed  mixtures 
has  some  similarity  to  the  diffusive  burning  of  mult i-o exponent  liquid  fuels 
(tor  example  petroleum  oils)  (see  Ref. 2*9)  or  with  the  burning  of  liquid 
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Explosive  mixtures  .  In  these  cases  the  composition  of  the  vapour  phase, 
in  which  burning  takes  place,  also  may  differ  considerably  from  tho  composi¬ 
tion  of  tHe  initial  mixture  in  the  direction  of  excess  of  the  volatile  com¬ 
ponent,  However  fox'  liquid  mixtures  burning  docs  net  proceed  steadily;  the 
most  volatile  components  bum  first.  Consequently  the  rate  of  burning  can 
change  continuously  (for  liquid  explosive  mixtures  periodic  oscillations  were 
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also  observed  in  the  rate  of  burning  ).  Cn  the  other  hand  for  condensed 
mixtures  burning  can  proceed  quite  steadily;  the  fraction  of  tire  oonponents 
which  has  not  vaporized  within  the  boundary  of  the  zc,iO  cf  influence  docs  not 
mix  with  the  initial  mixture,  but  is  carried  away  to  the  zone  of  the 
diffusion  flame,  where  its  confcusticn  is  completed. 
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(97) 


The  rate  of  burning  uqx  and  rate  of  vaporization  w  vary  with  pressure  in 
different  ways.  For  NH^CIO^  at  p  <  100-125  atm,  uQX  x  bp.  On  the  other 
hand  w,  as  can  be  seen  in  section  6,0,  depends  only  slightly  on  pressure: 
w  z  b1  Taking  as  a  first  appcximaticn  w  *  f(p)  =  b*  and 

putting  dQX/df  =  k  in  (97) 


k  +  1  _  (k  +  l)bb*  p 

k/bp  +  1/b*  “  b*  k  +  bp 


(98) 


where  b,  b'  and  k  do  not  depend  on  pressure. 

It  follows  from  (98)  that,  at  pressures  which  are  not  too  high,  u 
depends  considerably  on  pressure  (at  bp  «  b‘  k,  u  «  p).  On  the  other  hand 
at  sufficiently  high  pressures  the  rate  of  burning  in  practice  flattens  into  a 
plateau*  (at  bp  »  b‘  k,  u  =  const  =  b*(k  +  l)).  The  explanation  of  this 
plateau  is  obvious:  at  high  pressures  the  time  of  burning  of  an  oxidizer 
crystal  is  negligibly  snail  in  comparison  with  the  time  of  transfer  of  burning 
through  the  layer  of  fuel,  i.e.  the  rate  of  burning  of  the  charge  is  equal  to 
the  rate  of  vaporization  of  the  layer  of  fuel  multiplied  by  (k  +  l). 

Although  this  model  is  very  primitive,  it  can  evidently  express  the 
characteristics  of  burning  of  systems  with  binder  of  very  lav  volatility. 

11  EFFECT  OF  CONDENSED  RESIDUE  ON  THE  EBESvTSIsCE  OF  BURNING  RATE  ON 

ERESSUHE 


In  some  cases  vaporization  of  the  fuel  or  oxidizer  is  accompanied  by  the 
formation  of  a  solid  or  liquid  residue. 

i 

In  certain  cases,  for  example  for  mixtures  based  on  KC10. ,  a  layer  of 
residue  of  a  definite  finite  thickness  is  formed  on  the  surface  of  the  charge; 
for  the  stationary  regime  of  burning  the  rate  of  formation  of  condensed  res. .due 


*Taking  the  value  w  »  0.5  mrr/scc  for  the  rate  of  vaporization  (see 
section  6,C)  and  the  value  -5,  corresponding  to  ~30^  of  binder  by  weight,  for 
s,  the  quantity  k  =  dQx/d^ ,  the  limiting  burning  rate  is  u  z  3  mr/sec, 

which  is  reasonable. 


on  the  surface  of  the  uribumt  substance  is  equal  to  the  rate  at  which  the  con¬ 
densed  residue  is  removed  "by  the  gas  at  the- external  surface  of  the  layer* 
Burning  of  the  vaporisation  products  can  take  place  either  under  the  layer  of 
residue  or  inside  it  (in  bubbles  or  streams). 

In  other  cases,  for  example  during  the  burning  of  KMn.0^  or  BaO^  in 
coatings  of  perspex,  the  layer  of  condensed  residue  increases  continuously  as 
burning  proceeds.  The  volume  of  slag  formed  can  be  roughly  equal  tc  the 
volume  of  the  original  charge,  or  even  exceed  it.  Burning  of  the  vaporiza¬ 
tion  products  takes  place  inside  the  layer  of  residue. 

Obviously  the  presence  of  the  layer  of  condensed  residue  can  have  a 
marked  effect  on  the  mixing  of  the  components,  on  the  heat  transfer  frem  the 
combustion  zone  to  the  uhbumt  substance,  etc,  and  thus  also  cn  the  dependence 
of  the  rate  of  burning  on  the  various  parameters.  As  yet  this  problem  has 
been  investigated  oily  to  a  very  small  extent* 

Only  one  possible  mechanism  for  the  influence  of  the  condensed  residue 
on  tho  relationship  u(p)  is  considered  in  thi3  section. 

Usually  the  rate  of  burning  of  condenseu  systems  (both  heterogeneous  and 
homogeneous)  increases  mcnctonically  with  increase  of  pressure  so  that  the 
exponent  v  in  tho  equation  u  =  BpV  remains  greater  than  zero. 

However  a  fair  number  of  systems  has  been  described  for  which  v  =  0 

over  a  definite  range  of  pressures.  Much  more  rarely  are  found  systems  f 

which  v  <  0  over  a  certain  pressure  range.  Burning,  for  at  least  seme  of 

these  systems,  is  accompanied  by  the  formation  of  a  condensed  residue,  for 
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example  the  burning  of  ia  mixture  JSIg  +  Cro0,  ,  burning  of  potassium 

70  ^  ■>  127 

picrate  ,  burning  of  Ba02  in  a  coating  of  perspex  ,  etc. 
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It  was  shown  that  under  defined  conditions  the  presence  of  condensed 
residue  alone  can  lead  to  v  <  0. 

Let  the  system  react  in  two  stages  and  neglect  their  interaction,  cn  the 
assumption  that  it  is  insignificant;  the  second  stage  is  taken  to  be  the 
leading  one  which  completely  determines  the  velocity  of  the  first  stage.  In 
the  first  stage  the  original  mixture  decomposes  with  the  formation  of  con¬ 
densed  residue  (x  gm  for  1  gm  of  original  mixture)  and  gaseous  intermediate 
products  ((l  -  x)  gm  for  1  gm  of  original  mixture).  The  latter  react  in 
the  second  stage. 

The  oendensod  residue  forms  a  dense  layer  of  thickness  y^,  through 
which  bubbles  or  streams  of  gaseous  intermediate  products  burst,  but  for 
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y  >  y„  this  layer  breaks  up.  Consequently  increase  of  y  through  y  =  y# 
causes  the  velocity  of  the  gas  to  fall. 

At  a  certain  pressure  the  zone  of  the  leading  reaction  is  considered  to 
be  outside  the  dense  layer.  With  increase  in  pressure  this  sene  will  come 
close  to  the  unbumt  substance.  However  as  soon  as  it  comes  close  to  the 
dense  layer  (at  p  =  p' ) ,  an  increase  in  the  rate  of  ine  reaction  in  the  gas 
phase  cannot  increase  the  burning  rate,  since  the  reaction  zone  cannot  pene¬ 
trate  into  the  layer  of  condensed  residue,  //here  the  gas  velocity  is  higher 
than  the  burning  rate-.  Prom  this  point  and  so  long  as  the  pressure  is 
insufficient  for  the  penetration  of  burning  into  the  layer  of  condensed 
residue,  the  relationship  u(p)  will  be  determined  by  the  relationship  y*  (p). 

Another  possibility  is  that  increase  of  pressure  should  increase  the 
thickness  of  the  dense  layer  of  residue  y*.  Consider  for  instance  the  case 
where  there  is  a  layer  cf  viscous  liquid  or  of  a  conglomeration  of  particles 
and  where  the  residue  is  carried  away  due  to  bursting  of  the  viscous  film  by 
the  emergence  of  a  bubble  cf  gas  on  the  surface.  In  such  a  regime  the  rate 
at  which  the  residue  is  carried  away  is  proportional  to  the  flow  of  the  bubbles 
II  and  to  the  square  of  the  radius  of  the  bubbles.  For  the  thickness  of  the 
layer  of  residue  to  be  stable,  it  should  not  be  too  large  and  should  be  such 
that  in  tne  length  y*  a  considerable  expansion  of  a  bubble  could  take  place. 
If  this  condition  is  fulfilled,  then  for  a  chance  decrease  in  y*,  the  radius 
of  the  bubbles  emerging  on  to  the  surface  of  the  layer  decreases,  and  thus  the 
rate  at  which  the  residue  is  carried  away  becomes  less  than  its  rate  of  forma¬ 
tion,  so  that  y*  increases  to  a  stationary  value,  although  this  is  possible 
only  for  a  definite  value  of  x* 

The  change  in  y#  with  change  in  p  is  now  considered.  Let  for 
p  <  p',  where  p'  is  the  pressure  at  which  the  reaction  zone  ’settles1  on 

y 

the  dense  layer  of  residue,  the  burning  rate  bo  proportional  to  p  ,  where 
v  >  0.  The  volume  flow  cf  gas  across  the  layer  of  residue  is  proportional  to 
p  ,  henoe,  for  v  <  1,  n  should  decrease  or  the  volume  cf  the  bubble  in 
this  cross-secticn  should  decrease  as  the  pressure  increases,  but  y#  depends 
on  the  rate  of  expansion  cf  the  bubble  inside  the  layer.  As  leng  as  p  <  p’ , 
the  increase  in  y#  has  no  effect  cither  on  the  burning  rate  or  cn  the 
dependence  of  the  burning  rate  on  pressure,  if  the  change  in  thermal 
conductivity  is  neglected.  However,  for  p  >  p*  an  increase  in  y*  should 
lead  to  a  .-eduction  in  the  burning  rate.  Fcr  a  further  increase  in  pressuro 
burning  is  either  extinguished  or  penetrates  inside  the  layer  cf  residue, 
i.e.  there  is  a  transition  from  one  combustion  regime  to  another. 
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As  well  as  when  y*  increases  with  increase  of  pressure,  a  maximum  can 
be  observed  on  the  curve  u(p)  for  those  cases  where  at  low  pressures  a  dense 
condensed  residue  is  generally  not  formed,  but  at  a  certain  pressure  p*  a 
residue  is  deposited  and  forms  a  dense  layer.  Consequently  at  p  =  p*  the 
burning  lexe  can  begin  to  fall  with  increase  in  p. 

It  would  be  of  interest  to  follow  the  change  of  density  and  width  of  a 
layer  of  condensed  residue  with  change  in  p.  for  those  systems  for  which 
v  <  0  over  a  certain  pressure  range*.  This  is  difficult  since  the  width  cf 
the  zone  influencing  the  burning  velocity  cannot  exceed  tens  of  microns.  The 
concepts  considered  indicate  that  systems  with  v  <  0  should  be  sensitive  to 
effeots  influencing  the  thickness  and  density  of  the  condensed  residue. 

Thus  the  form  of  the  curve  u(p)  cculd  bo  changed,  for  exacple ,  by 
addition  of  substances  preventing  the  formation  of  a  conglomerate  layer,  or  of 
volatile  additives  which  break  up  the  layer,  or  by  directing  a  sufficiently 
powerful  stream  of  ga3  on  to  the  surface. 
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CHAPTER  III 

DEPENDENCE  OF  BURNING  RATE  OF  CONDENSED  MIXTURES  ON 
VARIOUS  PARAMETERS  (EXPERIMENTAL  DATA) 

There  are  more  parameters  influencing  the  burning  rate  for  condensed 
mixtures  than  there  are  for  other  types  of  systems: 


II  1  1  ■  1  1 

Condensed 

mixtures 

Homogeneous 

gaseous 

mixtures 

Homogeneous 

oondensed 

explosives 

1 

Nature  of  components 

+ 

+ 

+ 

Oxidizer/fuel  ratio 

+ 

+ 

mm 

Pressure 

+ 

+ 

+ 

Initial'  temperature 

+ 

t 

+ 

Particle  size  of  components 

+* 

- 

Relative  density 

+ 

- 

+ 

Catalytio  additives 

+ 

+ 

+ 

.  It  should  be  emphasized  that  eaoh  of  the  parameters  listed  affects  the 
burning  rate  of  condensed  mixtures  not  in  isolation  but  in  close  association 
with  the  others.  Thus,  for  example,  the  shape  of  the  curve  u(p)  oan  depend 
to  a  great  extent  on  a,  and  in  some  cases  also  on  d  and  Tq.  In  turn, 
pressure  can  influence  the  curve  u(a),  etc.  The  most  important  oases  of 
these  interdependences  will  be  examined  in  the  following  sections. 

Several  investigations  on  the  burning  of  systems  of  mixtures  refer  to 
3olid  propellents  and  compositions  which  are  models  of  them  based  on  NH^CIO^. 
Consequently  data  on  the  burning  of  pure  NH^CIO^  (see  section  19)  and  NH^NO, 
are  of  speoial  interest.  The  mechanisms  of  flame  propagation  in  ordered 
systems  composed  of  plane  or  cylindrical  layers  ox’  components  (see  section  18) 
are  al30  examined.  A  short  section  is  devoted  to  the  burning  cf  blaok  powder, 
the  oldest  system  of  mixtures  (seotion  20). 

Where  possible  the  experimental  results  will  be  considered  in  association 
with  the  views  on  the  burning  of  oondensed  systems  proposed  in  Chapter  II. 


*The  shape  of  the  partioles  (and  in  some  cases  the  orientation  of  the 
particles  with  respect  to  the  burning  front)  is  also  important. 
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12  TYPES  OF  CONDENSED  SYSTEMS:  METHODS  OF  MEASURING-  BlffiNES-  RATS 

Condensed  systems  are  outstanding  in  the  great  diversity  of  their  ute, 
the  characteristics  of  their  components,  their  composition, -.etc.  .Hence  the 
absolute  magnitude  of  the  burning  rate  and  the'  dependence  of  the  burning  rate 
on  the  various  parameters  oan  change  considerably  in  the  transition  from  one 
group  to  another. 

Condensed  systems  can  be  divided  according  to  their  use  into  solid 

propellent  mixtures  .(for  rocket. motors  and  various  -types  of  jet  engines,  for 

am  •  2?? 

further  details  see  th'e  books  of  A.  A.  Shidlovskii '  ,  Ya.  U.  Paushkin  , 
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B.V.  Orlov  and  G.  Yu.  Hazing  ,  eto)  and  pyrotechnic  mixtures  (igniter,  flare 
•  ‘  159  v 

and  incendiary  compositions  ,  eto).-  * 

The  nature  of  the  fuel  in  a  given  composition  is  of  great  importanoe  for 
the  theory  of  burning  whioh  is  discussed  in  the  present  work.  The  composi¬ 
tions  can  be  divided  into  the  following  groups: 

(1)  Compositions  which  uso  an  organic  fuel  that  vaporizes  at  a 
moderate  temperature  and  use  a  metal  only  as  an  additive  to  inorease  the 

spaoifio  impulse, 

(2)  Compositions  whioh  U3e  a  metal  (usually  magnesium  or  aluminium)  as 
the  basio  fuel  and  use  an  organic  fuel  only  as  an  additive  to  improve  the 
meohanioal  properties  of  the  charge. 

The  combustion  meohanisms  of  these  two  groups  differ  markedly.  As  the 
proportion  of  fuel  to  oxidizer  is  changed  the  maximum  burning  rate  for 

the  first  group  is  found  close  to  the  atoiohiometrio  composition;  generally, 
for  a  smell  excess  of  fuel,  a  =  0.7  to  0.9,  whereas  for  the  seoond  group  of 
mixtures  uffla^  is  often  considerably  displaced  in  the  direction  of  excess 
fuel  (down  to  a  <  0.1 ), 

The  dependence  of  the  burning  rate  on  the  particle  size  of  the  components 
for  the  first  group  is  less  than  for  the  seoond.  On  the  other  hand  a  slight 
.depondonco  of  the  burning  rate  on  pressure  is  muoh  more  frequently  observed 
for  mixtures  belonging  to  the  seoond  group. 

In  the  present  work  the  first  group  is  mainly  examined,  since  the 
majority  of  the  literature  data  refers  to  suoh  mixtures. 

Methods  of  measuring  burning  rate 

Existing  methods  of  measuring  the  burning  rates  of  oondensed  systems  oan 
be  divided  into  three  groups  depending  on  the  physical  phenomenon  associated 
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with  combustion  which  is  utilized  in  the  particular  mothod  (Table  34). 

Under  laboratc-iy  conditions,  methods  involving  the  fusing  of  fine  wires  are  the 
most  frequently  employed  and  the  break  in  the  circuit  is  determined  by  means  of 
a  loop  oscillograph,  etc.  Ordinary  or  high-speed  cinematography  is  often  used. 
Alternatively,  the  duration  of  burning  is  determined  from  the  p(t)  curve 
using  a  low-inertia  pressure  transducer.  Photorecording  has  been  used  in 
numerous  experiments.  Occasions  ly,  as  in  Ref .161 ,  where  the  temperature 
profile  is  measured  by  thermocouples,  it  is  possible  to  determine  the  burning 
rate  from  the  records  of  two  thermocouples  located  at  a  known  distance  from 
each  other. 

Generally,  only  the  mean  burning  rate  u  is  measured  in  a  rocket  motorj 
the  time  %  elapsing  between  the  beginning  and  end  of  burning  is  determined 
from  the  p(t)  curve,  whence  u  =  1/t  where  1  is  the  thickness  of  the  web 
of  the  charge.  In  all  oases  when  the  burning  rate  is  to  be  determined  at 
different  points  of  a  charge,  the  charge  is  extinguished  at  a  definite  time 
after  the  beginning  of  burning  and  the  extinguished  charge  is  then  measured  at 
various  sections  (see,  e.g.  Bef.236).  Occasionally,  a  burning  charge  is 
photographed  through  a  window  or  through  bhe  wall  of  a  transparent  chamber 
made  of  perspex. 

The  choice  of  a  particular  method  of  measuring  burning  rate  depends  on 
the  experimental  conditions,  such  as  laboratory  apparatus  or  rocket  motors, 
experiments  in  vacuo,  at  atmospheric  pressure  or  at  high  pressures,  etc.  It 
is  also  important  whether  ir  is  required  to  measure  only  tho  moan  burning  rate, 
or  the  burning  rates  at  different  points  of  the  charge,  or  to  confirm  that  the 
rate  is  constant  in  time.  In  some  cases  the  properties  of  tho  mixture  can  be 
a  deciding  factor;  for  example,  the  burning  rates  of  mixtures  with  very  trans¬ 
parent  or  vory  dim  flamos  are  unsuitable  for  measurement  by  photographic 
methods.  It  is  also  nocessaxy  to  consider  tho  accuraoy  of  a  particular  method. 
Finally,  tho  choice  of  a  method  may  be  influenced  by  the  possibility  of  obtain¬ 
ing  additional  information  besides  the  measurement  of  burning  rate;  thus,  for 
example,  cinematography  allows  study  of  the  fora  of  the  surface  of  the  charge, 
the  flame  shape  and  luminosity,  etc. 

The  methods  of  measuring  the  burning  rate  in  laboratory  conditions  are 
now  considered  in  further  detail. 
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Methods  of  r 


Phenomenon  on  which 
method  is  based 

Luminosity  of  the 
flame  or  the 
difference  in  the 
absorption  coeffi¬ 
cient  of  the 
xmburnt  and  reacted 
substance 


Methods  of  measurement  Quantity  measured 


Increase  of 
pressure 


Continuity*  an 
ness**  of  nea 


Photorocorder 


Increase  of 
temperature  and 
extent  of  ioniza¬ 
tion  in  the  combus¬ 
tion  front 


Cine-camera 


Photoelements, 

photo-resistanee 

Fine  wires  that  burn 
through 


Ionization  detectors 


Thermocouple, 

thermoresistance 


Pressure  transducer  of 
low  inertia 


Linear  rate  ascer-  Direct  continuo 
tained  along  a  measurement 
certain  line  on 
the  surface  of  the 
charge 


Linear  rate  and  Direct  measures 
shape  of  front  in  tinuity  determi 
one  lateral  ratio  of  burning 

projection  to  camera  speed 

Linear  rate  along  Either  direct  i 
surface  of  charge  or  indirect  con- 
_ _ measurement 

Linear  rate  between  Direct  discrete 

small  number  of  measurement 

points  at  a  depth 

below  or  on  the 

surface  of  the 

charge 

Linear  rate  between  Direct  discrete 

small  number  of  measurement 

points  at  a  depth 

below  or  on  the 

surface  of  the 

charge 

Linear  rate  between  Direct  discrete 

small  number  of  measurement 

points  at  a  depth 

below  or  on  the 

surface  of  the 

charge 


Mass  rate 

Linear  rate 
between  a  small 
number  of  points 


Indirect  coniinu 
measurement 

Direct  discrete 
measurement 


*In  a  continuous  measurement  the  rate  of  burning  is  determined  at  a  particula 
points  of  a  oharge. 

**In  the  case  of  a  direct  measurement,  the  progress  of  the  combustion  front  is 
(for  example,  the  development  of  pressure  in  an  enclosed  space). 
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i  TABLE  3k 

jftods  of  measuring  burning  rate 


auity*  and  direct- 
**  of  measurement 

Reaction  of  detectors  on 
process  being  measured 

Laboriousness  of  experi¬ 
ments  and  calculations 

Remarks 

j  continuous 
ement 

Absent  or  (for  short 
exposure)  very  small 

Experiments  and  evaluation 
of  results  are  simple 

Transparent  coating  on 
the  charge  and  windows 
in  apparatus  are 
necessary,  also  careful 
orientation  of  charge 

^'measurement;  con- 
| r  determined  by 

Df  burning  rate 
era  speed 

Absent  or  (for  short 
exposure)  very  small 

Experiments  are  simple; 
evaluation  of  film  is 
tedious 

Transparent  ooating  and 
windows  in  apparatus  are 
neoessary.  Usually  the 
film  consumption  is  high 

,  direct  discrete 
irect  continuous 
»ment 

Absent  or  (for  short 
exposure)  very  small 

Experiments  are  simple; 
evaluation  is  simple  for 
discrete  measurements 

discrete 

ement 

Increases  with  increase  of 
number  of  detectors, 
increase  of  size  of  detec¬ 
tor,  and  reduction  of  dis¬ 
tance  between  deteotors 

Time  consumption  in  mount¬ 
ing,  Difficulty  of  instru¬ 
menting  the  charge 
increases  with  increase  in 
number  of  deteotors; 
evaluation  very  simple 

;  discrete 
ement 

? 

Increases  with  increase  of 
number  of  detectors, 
increase  of  size  of  detec¬ 
tor,  and  reduction  of  dis¬ 
tance  between  detectors 

Time  consumption  in  mount¬ 
ing,  Difficulty  of  instru¬ 
menting  the  charge 
increases  with  increase  in 
number  of  detectors; 
evaluation  very  simple 

discrete 

<Bment 

Increases  with  increase  of 
number  of  detectors, 
increase  of  3ize  of  detec¬ 
tor,  and  reduction  of  dis¬ 
tance  between  detectors 

Time  consumption  in  mount¬ 
ing.  Difficulty  of  instru¬ 
menting  the  charge 
increases  with  inorease  in 
number  of  detectors; 
evaluation  very  simple 

tot  continuous 
\?ment 

Absent 

k discrete 
ement 

S 

f - 

Absent  when  registering 
only  the  start  and  finish 
of  burring.  Can  be  signi¬ 
ficant  on  introduction  of 
intermediate  layers 

When  recording  only  the 
start  and  finish  of  burn¬ 
ing,  experiments  and 
evaluation  are  very  simple 

When  only  the  start  and 
finish  of  burning  is 
recorded  the  accuraoy 
of  measurement  is  low 

.  particular  point  of  a  oharge,  and  in  a  discrete  measurement,  the  mean  rate  between  individual 
m  front  is  measured,  and  in  the  case  of  an  indirect  measurement,  the  secondary  phenomenon 


Constant  and  variable  pressure  bombs 

In  the  laboratory  the  burning  rate  is  usually  measured  on  small  cylindri¬ 
cal  cigarette  burning  charges  of  diameter  5  to  15  nun,  height  10  to  100  mm, 
burning  from  the  top  downwards.  Since  the  velocity  of  “the  flame  along  the 
free  surface,  i.e.  boundary  with  the  gas,  of  the  charge  can  exceed  the  normal 
velocity,  the  lateral  surface  of  the  charge  is  coated  with  a  layer  of  lacquer, 
resin,  cement,  etc,  or  an  inert  gas  is  blown  on  to  it  (upwards  from  below)  or 
the  charge  is  pressed  into  a  casing  of  metal  or  perspex*. 

At  pressures  above  atmospheric  experiments  are  carried  out  in  air-tight 
vessels  (bombs)  capable  of  withstanding  the  necessary  pressure.  If  the 
weight  of  the  charge  per  unit  volume  of  the  bomb  is  sufficiently  small  so  that 
the  increase  of  pressure  Ap  as  a  result  of  combustion  of  the  charge  is  small 
in  relation  to  the  initial  pressure  in  the  bomb  p^,  then  the  term  •constant 
pressure'  bomb  is  used.  In  the  case  where  Ap  is  comparable  to  p^  or 
exceeds  it,  the  term  'variable  pressure'  bomb  is  used.  These  terras  are  not 
strictly  accurate,  since  in  both  cases  the  bomb  is  of  consxant  volume; 
incidentally,  this  correct  term  is  used  in  the  study  of  burning  of  gas 
mixtures.  However,  these  terms  are  widely  used  in  the  literature  of  the 
burning  of  condensed  systems  and  are  convenient  to  a  certain  extent.  The 
constant  pressure  bomb  is  referred  to  as  the  'Crawford  bomb'  or  'Crawford  type 
bomb'  in  most  foreign  works. 

There  are  various  designs  of  constant  pressure  bomb,  but  they  all  con¬ 
sist  of  the  same  basic  elements:  the  body,  the  lid  (or,  less  often,  two  lids), 
piping  for  application  of  pressure  to  the  bomb  and  for  release  of  pressure, 
high  voltage,  >>  100  V,  electric  leads  which  supply  the  heating  coil, 
electromagnets,  ignition  coils,  etc, and  low  voltage  leads  from  the  thermo¬ 
couple  terminals;  windows  of  perspex  or  glasS^  for  optical  measurements; 


*The  casing  should  fit  the  charge  very  tightly,  since  otherwise  there  may 
be  a  3udden  increase  in  burning  rate  as  the  flame  is  propagated  with  extremely 
high  velocity  along  the  gap38. 

/ 

''Perspex  facilitates  sealing  of  the  window  and  possesses  mechanical 
characteristics  which  are  reasonably  constant  with  respect  to  time,  whereas 
glass  needs  very  careful  sealing  and  is  also  inclined  to  fracture  owing  to 
fatigue:;  cases  have  been  observed  where  a  glass  window  has  broken  under  the 
application  of  a  pressure  several  times  less  than  that  to  which  it  had  been 
subjected  for  a  prolonged  period.  On  tho  other  hand,  the  optical  characteris¬ 
tics  of  perspex  are  significantly  worse  than  those  of  glass  since, during  seal¬ 
ing,  tho  surface  of  perspex  bulges  to  a  marked  extent;  also  perspex  is  easily 
scratched,  scorched,  etc. 
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leads  for  pressure  transducers.  In  some  cases  there  are  also  inlets  for  the 
thermostatio  control  liquids,  various  kinds  of  handles  for  mechanical  movement 
of  the  oharge.or  other  component  inside  the  boob  when  the  latter  is  under 
pressure,  and  so  on. 

The  sealing  of  all  these  connections  to  the  bonb  is  of  great  importance. 
This  is  effected  by  means  of  gaskets.  Metal  (copper  or  aluminium)  or  soft 
(rubber,  teflon>  fibre)  gaskets  may  be  used  for  parts  which  are  only 
infrequently  removed.  .  -  Soft  gaskets  are  preferable  for  the  lids. 

Constant  pressure  bombs  usually  work  at  p  <  150  atm  and  the  pressure 
is  obtained  by  ooopressed  nitrogen  .from  standard  cylinders.  However,  con¬ 
stant  pressure  b'ct'bs.  have  also  been  designed  for  pressures  of  500  atm"^, 

1000  atm^  and  higher  pressures  in  which  the  pressure  is  obtained  by  a  gas 
compressor. 

The  volume  of  a  constant  pressure  bomb  does  not  usually  exoeed  10  litres. 
A  reservoir  is  used  if  necessary;  a  standard  cylinder  may  be  used  as  a 
reservoir  at  p  <  150  atm.  However,  the  higher  the  burning  rate,  the  larger 
should  be  the  free  cross-sectional  area  of  the  pipes  connecting  the  bomb  with 
the  reservoir,  so  that  the  pressure  oan  be  rapidly  equalized. 

As  an  example,  the  construction  of  the  B  150  bomb  designed  by  the 
Institute  of  Chemioal  Physics  of  the  Academy  of  Sciences  of  the  U.S.S.R.  is 
shown  in  Fig.22,  It  is  of  2  litre  volume  and  has  three  perspex  windows 
(20  x  40  mm),  and  four  high  voltage  (several  hundred  volts)  leads.  There 
have  been  several  modifications  of  B  150  bombs,  for  temperature  measurements, 
etc. 

Variable  pressure  bombs  are  the  oldest  devices  for  investigating  the 
burning  of  powders  at  high  pressures.  The  p(t)  curve  is  measured  by  means 
of  simple  meohanical  transducers.  The  maximum  pressure  in  the  bomb  nay  also 
be  determined  by  the  e:ctont  of  compression  of  a  small  copper  rod  (’crusher1). 
From  the  shape  of  the  p( t)  curve  it  is  possible  to  obtain  a  tentative  idea 
of  the  relationship  u(p)  for  the  composition  under  investigation.  Bombs 
of  this  type  are  ofter  called  manometric  bomb3  and  the  maximum  working  pressure 
may  reach  several  thousand  atmospheres. 

In  modem  variable  pressure  boobs  low-inertia  piezo-electrio  or  strain 
gauge  transducers  are  usually  employed  for  recording  the  p(t)  curve.  It 
is  also  possible  in  principle  to  utilize  other  methods  for  measuring  the  burn¬ 
ing  rate,  such  as  the  fusing  of  fine  wires  or  even  optical  methods. 


The  use  of  a  variable  pressure  bomb  is  exemplified  in  Ref .44  by  a 
4000  atm  bomb  to  record  p(t)  curves  by  means  of  piezo-electric  transducers} 
charges  consisting  of  several  pellets  with  different  burning  rate  were  used  - 
the  start  and  finish  of  burning  of  each  pellet  was  determined  fz'om  the  inflec¬ 
tions  in  the  p(t)  curve. 

Some  other  laboratory  methods  of  measuring  burning  rate  are  now  con¬ 
sidered  in  rather  more  detail  than  at  the  beginning  of  section  12. 


Photography  of  a  flame  on  film  continuously  moving  perpendicularly  to 
the  direction  of  propagation  of  the  flame  is  one  of  the  oldest  methods  of 
measuring  the  rate  of  burning  or  detonation.  The  apparatus  is  called  a 
photorecorder  ( 'fotoregistr*  or  1 f otoregistrator* )  in  the  Russian  literature, 
but  its  principle  of  action  is  more  clearly  shown  in  the  terms  1  slit  camera* 
or  ’drum  camera*  used  in  the  English  literature. 

There  are  two  types  of  photographic  recorder.  In  the  revolving  drum 
type  the  film  is  secured  to  the  lateral  surface  of  a  revolving  drum  and  the 
image  of  the  charge  is  stationary  (in  the  laboratory  system  of  co-ordinates); 
in  the  other,  using  'moving  mirror*  recording,  the  film  is  stationary  and  the 
image  of  the  charge  passes  over  the  film  by  means  of  a  rotating  mirror  (for 
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more  detail,  see  the  book  by  A.S.  Dubovik  ).  Photorecorders  of  the  first 
type  can  record  rates  not  greater  than  100-200  m/sec,  whereas  the  other  type 
can  record  rates  up  to  several  kilometres  per  second.  In  practice,  revolving 
drum  photorecorders  are  used  for  the  study  of  combustion,  and  the  rotating 
mirror  type  mainly  for  the  study  of  detonation. 

On  the  film  from  the  drum  camera  the  inclined  line  corresponds  to  the 
progress  of  the  flame  front;  beloY/  the  line  the  film  is  transparent,  and 
above  the  line  it  is  obscured  by  the  combustion  products  (Fig. 23).  The  burn¬ 
ing  rate  is  calculated  from  the  equation 

u  =  k  vfilm  tan  <f>  (99) 

where  u  is  the  burning  rate,  ^ 0  film  speed,  k  the  magnification 

factor  of  the  camera  and  4>  is  the  angle  between  the  line  recorded  by  the 
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flame  front  and  the  horizontal  axis,  which  is  the  linear  velocity  vector  of 
the  film*.  . 

The  accuracy  of  the  turning  rate  measurement  is  increased  as  the 
definition  of  the  flame  front  cn  the  film  becomes  sharper.  It  is  no.t 
difficult  to  show  that  the  most  sharply  defined  front  is  obtained  if  the 
flame  propagation  is  photographed  through  a  certain  sized  narrow^  slit  such 
that  the  luminous  point  or  luminous  edge  moves  perpendicularly  to  the  direc¬ 
tion  of  motion  of  the  film. 

There  are  two  schemes  for  the  optical  system  of  a  phot'orecorde'r.  With" 
a  single  objaotiva  the  slit  is  located  near  the  charge,  whereas  with  the 
double-objective  system  the  slit  is  located  in  the  plane  of  the  image  of  the 
charge  formed  by  the  first  objective!  The  second  objective  refl9ots  the  slit 
and  1&8  intermediate  image  of  the  oharge  on  to  the  film.  In  the  first  oase 
the  image  of  the  f i  out  on  the  film  is  less  sharp,  since  the  oharge  and  the 
slit  are  in  different,  though  adjacent,  planes,  whereas  in  the  second  case 
the  illumination  intensity  of  the  system  is  lower  and  focussing  is  more 
complicated. 


Analysis  of  the  errors  in  burning  rate  measurements  using  a  drum  oamera 
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shows'  that  there  is  an  optimum  value  of  the  angle  <p  at  which  the  errors 
of  measurement  are  minimised.  For  the  combustion  of  small  charges  (of  height 


1  to  2 


for  the  single-objective  camera  $  ^  «  10-15  and  Bomowhat 


greater  for  the  double-objective  system. 


The  burning  rate  of  condensed  mixtures  varies  over  a  wide  range  (at 
least  from  0.1  to  100  tnm/sec)  depending  on  the  nature  of  the  mixture,  its 
composition,  the  pressure,  eto.  Consequently  choice  of  film  speed  over  a 
wide  range  is  necessary  so  as  to  obtain  photographs  with  rp  not  too  far  from 
^opt*  ^rum  cameras  *>or  measuring  burning  rates  are  fitted  with  a 

reduoing  gear  to  give  a  wide  range  of  operating  speeds.  Thus,  for  example, 
the  drum  photoreoorder  shown  in  Fig. 25  designed  by  the  Institute  of  Chemical 
Physios,  Aoademy  of  Soienoos,U»S.S.R.  has  a  double-objeotive  optical  system 
and  film  speeds  of  1,  2,  4,  8,  16,  32,  64,  128,  256,  512  and  1024  mm/seo. 


♦It  is  convenient  to  use  a  magnifyi^  attachment  for  evaluating  tan  <f> 
on  the  film,  as  shown  in  Fig. 24.  The  pivoted  ruler  is  set  parallel  to  the 
front  of  the  image  and  the  scale  division  marked  on  the  edge  of  the  attach¬ 
ment  plate  is  read  off;  the  value  of  tan  <f>  is  calculated  previously  for 
each  scale  division. 

4 

'it  is  not  possible  to  reduoe  the  slit  width  beyond  the  point  where 
diffraotion  occurs.  The  practical  slit  width  may  be  reached  oven  earlier 
on  account  of  the  decreased  light  passing  through  the  slit. 


Measurements  of  u  by  means  of  pressure .transducers 

This  method  determines  the  interval  of  time  tt  between  the  beginning 
and  end  of  burning  on  an  oscillogram  showing  the  recorded  curve  of  p(t), 
both  in  constant  pressure  and  variable  pressure  bombs.  Then  u  =  h/c ,  where 
h  is  the  height  of  the  charge.  The  oscillogram  also  enables  fluctuations  of 
the  burning  rate  to  be  detected.  In  constant  pressure  bombs  it  is  convenient 
to  use  piezo-electric  pressure  transducers,  since  these  can  operate  as 
differential  pressure  transducers;  when  supplying  compressed  nitrogen  to  the 
bomb,  at  a  pressure  measured  by  an  ordinary  manometer,  the  faces  of  the  piezo¬ 
quartz  crystal  are  earthed;  the  transducer  is  set  in  operation  before  the 
experiment  i3  begun.  The  maximum  amplitude  of  the  beam  on  the  oscillogram 
cox’responds  to  Ap  (the  increase  of  pressure  as  a  result  of  burning).  The 
sensitivity  of  the  piezo-electric  transducer  is  easily  controlled  by  varying 
the  capacitance  of  the  capacitor  to  which  the  electrical  charge  from  the  piezo¬ 
quartz  ciystal  is  fed,  and  also  by  altering  the  ratio  of  the  area  of  the 
crystal  to  the  area  of  the  rod  on  which  the  pressure  in  the  bomb  acts. 

A  small  weighed  portion  of  rapid-burning  composition  (e.g.  potassium 
picrate)  may  be  fixed  to  the  end  of  the  charge  so  as  to  achieve  vigorous 
ignition,  and  thus  obtain  a  record  of  p(t)  which  can  be  more  easily  inter¬ 
preted.  In  this  case  'steps'  appear  on  the  curve  at  the  beginning  and  end  of 
burning  (Fig. 26). 

The  above  method  is  readily  carried  out,  but  is  inferior  as  regards 
accuracy  of  measurement  to  other  methods  of  determining  u  in  which  the  trans¬ 
ducers  are  located  at  a  sufficiently  great  distance  from  the  ends  of  the 
charge. 

Other  methods  of  measuring  the  mean  burning  rate 


As  already  stated,  the  most  widespread  laboratory  method  of  measuring 
the  (mean)  burning  rate  is  the  strand  burner  method.  A  wire  may  be  inserted 
through  a  hole  drilled  in  the  strand,  but  this  is  often  unsatisfactory,  since 
a  brittle  strand  crumbles  and  the  holo  in  an  elastic  strand  becomes  an 
incorrect  shape;  moreover  it  is  difficult  to  pull  a  fine  wire  through  the 
hole,  etc.  Alternatively,  several  pellets  can  bo  'composited'  or  stuck 
together  to  form  a  charge,  the  wires  being  pressed  between  tho  pellets,  in 
which  case  there  io  little  difficulty  in  using  fine  wires  and  in  measuring  the 
vertical  distance  between  them  accurately.  However  there  aro  possible  errors 
connected  with  the  change  in  burning  rate  at  the  moment  cf  transition  of  burn¬ 
ing  from  one  pellet  to  the  next. 
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The  ionization  detector  used  in  Refs.163-165  consisted  of  two  wires  to 
whioh  was  applied  a  voltage  of  100-200  Vj-  the  gap  between  the -wires  was  1  nun. 
As  the  flame  passed  between  the  wires,  the  ionization  gap  was  -closed  and  a 
current  was  produced  in  the  circuit  whioh  was  measured  by  a  loop  oscillograph. 
Such  ionization  detectors  were  inserted  between  the  first  and  second,  second 
and  third  pellets,  etc,  of  whioh  the  charge  consisted.  The  time  of  burning  is 
calculated  in  the  same  way  as  for  the  fusing  of  fine  wires.  ■  .. 

The  propagation  velocity  of  a  flame  along  the  surface  of  oontact  of 
cylindrical  layers  of  metal  powder  with  solid  oxidizer  was  measured  in  Ref. 166 
using  instead  of  fine  wires  fine  (0, 3-0.6  mm)  quartz  fibres,  whioh  penetrated 
to  the  surface  of  oontact  through  holes  bored  in  the  external  layer.  As  the 
flame  passed  these  fibres  the  light  from  the  flame  fell  on  a  photocell  and  the 
signal  was  recorded  by  a  loop  oscillograph. 

"  The  methods  of  measuring  u  by  the  fusing  of  wires,  ionization  detectors, 
photoeleotrio  conductors,  etc,  are  basically  more  or  less  equally  accurate. 

From  the  experimental  point  of  view,  the  first  method  (fusing  of  fine  wires) 
is  the  simplest,  although  the  second  method  is  only  slightly  more  complicated. 
The  mounting  of  the  detectors  in  the  third  method  makes  it  more  complicated 
than  the  two  others.  The  choice  of  method  is  often  dictated  by  the 
charaoteristios  of  the  system  to  be  measured. 

13  DEPENL3HCE  OF  BURNING-  RATE  ON  PARTICLE  SIZE  OF  COMPONENTS 

The  dependence  of.  the  burning  rate  of  condensed  mixtures  on  the  partiole 
si2e  of  the  components  is  of  great  practical  interest,  sinoe  iu  enables  the 
burning  rate  to  be  controlled  without  changing  the  mixture  composition  and 
hence  without  changing  the  speoific  impulse  of  the  propellent. 

In  preparing  condensed  mixtures  it  is  necessary  to  consider  the  function 
u(d),  where  d  is  the  particle  size  of  the  components,’ so  that  the  ohango  in 
the  burning  rate  from  one  baioh  of  raw  material  to  another,  eto,  does  not 
exoeed  the  permissible  limits. 

The  dependence  u(d)  is  also  of  great  theoretical  interest,  sinoe  it 
shows  most  clearly  the  effec’  of  diffusion  factors  on  the  burning  rate.  The 
most  significant  part  of  tho  concepts  of  tho  burning  of  condensed  mixtures  i3 
based'  on  tho  study  of  this  particular  function. 

A  PARTICLE  SIZE  OF  COMPONENTS 

In  general  the  burning  rate  of  a  condensed  mixture  depends  both  on  the 
size  of  tho  oxidizer  partioles  dQx  and  on  the  size  of  the  fuel  partioles  df. 


However  if  the  fuel  is  plastic  at  the  moment  of  mixing,  it  forms  layers  between 

the  crystals  of  the  oxidizer.  The  size  of  the  layers  of  fuel  is  directly 

proportional  to  the  size  of  the  oxidizer  particles  (d^  =  (1/k)  dQx).  Hence 

for  this  case,  which  has  the  most  practical  significance,  the  dependence  of  u 

on  the  particle  size  of  the  components  is  similar  to  u(^ox)»  A  similar 

result  will  be  obtained  for  a  mixture  of  two  components  in  powder  form  whioh 

roadily  vaporize,  if  the  size  of  the  particles  of  one  component  is  much  les3 

than  that  of  the  other.  A  finely  divided  component  forms  layers,  the  size  of 

which  is  proportional  to  the  size  of  the  particles  of  the  coarse  component. 

If,  however,  the  finely  divided  component  is  non-volatile  and  does  not 

conglomerate  into  en  unbroken  layer,  the  burning  rate  can  depend  on  df  as 

well  as  on  d  , 
ox 

So  far  it  has  been  assumed  that  all  the  particles  of  a  given  component 
are  the  same  size.  In  practice  this  condition  may  be  only  an  approximation, 
valid  when  narrowly  defined  unimodal  fractions  are  used. 

Sieves  of  brass  or  bronze  wire  or  of  silk  cloth  are  used  to  obtain 
fractions,  for  particle  sizes  greater  than  30-40  jj.  It-  is  customary  to 
regard  fractions  of  -type  40-50,  100-140,  300-400  ji  as  sufficifv  ,Iy  unimodal. 
There  is  usually  no  advantage  in  using  more  narrowly  defined  fractions,  since 
the  accuracy  with  which  the  dependence  u(d)  can  be  determined  is  not  very 
high  because  of  the  differences  in  the  particle  3izo  distributions  for  each 
fraction,  the  differences  in  the  uniformity  of  mixing  of  the  components,  etc. 

In  addition,  the  preparation  of  very  narrow  fractions  is  extremely 
time-consuming . 

The  original  material  used  to  prepare  narrow  sieved  fractions  should  not 
contain  any  significant  amount  of  fine  particles  (<f  10  ji),  since  these  are 
very  difficult  to  remove  by  sieving.  If  the  original  powder  is  too  coarse 
for  the  required  fraction,  it  should  not  be  ground,  since  muoh  fine  powder  is 
produced  during  grinding,  but  it  should  be  recrystallized  (naturally  if  this 
is  possible)  in  suoh  a  way*  as  to  obtain  particle  sizes  close  to  those  desired. 

For  a  particle  size  less  than  20-30  ji  the  preparation  of  narrow  fractions 
by  precipitation  in  a  flow  of  liquid  or  gas  or  by  other  methods  is  a  tedious 

♦If  a  saturated  solution  of  KCIO^  or  NH^CIO^  is  cooled  very  quickly,  for 

example,  if  the  hot  solution  is  poured  in  a  thin  film  on  to  the  surface  of  a 
massive  metal  vessel  at  a  low  temperature,  then  fine  crystals  are  formed. 

On  the  other  hand,  very  large  (several  millimeters  and  more)  crystals  are 
formed  by  the  very  slow  cooling  (tens  of  hours)  of  a  saturated  solution. 
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operation  with  low ‘yields.  ,  Therefore  for  d  <  20-30  }i  polymodal  fractions 
obtained. by  grinding  in  mills  of  various  "types  are  frequently  used.  Neverthe¬ 
less  suoh  fractions  are  not  infrequently  characterised  by  3ome  mean  .effective 
particle  size  which  is  usually  calculated  from  the  specific  surface  using  the 
relationship  '  ■  -  . 

4*ff  ■  6/Ssp  P  *  . 

2  3  * 

(cm)  =  6/(cm  /gm)(gm/cm  ) 

where  p  is  the  density  of  the  particle. 

In  addition  to  the  sieve  size  (which  is  usually  defined  a3  the  arithmetic 
mean  of  the  mesh  size  of  the  sieve-  used  for  obtaining  the  fraction,  e.g.  for 
the  fraction*  -0.140  +  0.100  the  mean  sieve  3ize  is  120),  and  to  the  effective 
size  calculated  from  the  value  of  the  specific  surface,  the  size  obtained  by 
microscope  measurements  is  also  used.  In  this  method  a  sufficiently  large 
number  of  partiole3  (not  less  than  a  few  hundred)  is  measured  using  a  micro¬ 
scope  -with  an  ocular  grid  along  two  mutually  perpendicular  directions  and  then 
the  arithmetic  mean  is  taken,  or  other  methods  of  obtaining  the  mean  value  can 
be  used. 

For  the  3ame  fraction,  the  size  by  microsoope  measurements  is  usually 
larger  than  the  mean  3ieve  size,  since  elongated  particles  may  shake  through 
a  sieve  hole  of  a  given  size. 

In  contrast  to  systems  with  unimodal  fractions,  systems  where  the  com¬ 
ponent  under  investigation  is  a  mixture  of  two  narrow  fractions  differing 
considerably  in  their  particle  size  are  of  greater  practical  interest.  Such 
systems  can  be  used  to  study  the  dependence  of  the  burning  rate  on  the  ratio 
of  the  coarse  to  the  fine  fraction,  on  the  size  of  the  coarse  fraction  (size 
of  small  fraction  constant),  and  oonversely  on  the  size  of  the  fine  fraction 
(sizo  of  coarse  fraction  oonstant),  etc.  Naturally  the  dependence  of  the 
burning  rate  on  the  particle  size  is  complex  in  this  case  and  it  is  more 
diffiou.lt  to  form  a  clear  pioture  of  it,, 

In  some  investigations  (o.g.  Ref„l67)  the  size  of  a  fraction  is 
characterized  by  a  complete  curve  (usually  an  integral)  of  the  particle  size 

♦It.  is  customary  to  denote  by  a  minus  sign  (-)  the  mesh  size  of  the  sieve 
through  which  a  given  fraction  passes  completely  and  by  a  plus  sign  (+)  the 
mesh  size  of  the  sieve  which  retains  the  given  fraction. 


distribution.  This  enables  a  better  idea  to  be  obtained  of  the  particle  size 
of  the  fraction,  but  so  far  it  has  not  brought  any  perceptible  advantage  to 
the  study  of  the  dependence  u(d)  and  in  fact  for  each  fraction  some  mean 
size  is  calculated  which  is  used  in  the  dependence  u(d)". 

B  EXTENT  0?  CHANGE  IN  BUMENS  .RATE  L(JS  TO  CHANGE  IN  PARTICLE  SIZE 

It  is  of  paramount  interest  to  know  the  extent  to  which  the  burning  rate 
can  be  changed  by  varying  the  particle  size  of  the  components.  This  question 
was  specifically  investigated  in  Ref.139» 

0+  =  u  /u^  is  used  to  denote  the  ratio  of  the  burning  rate  of  the  limit¬ 
ing  case  of  a  finely  divided  mixture  uQ  =  u/^  q  to  the  burning  rate  of  the 
limiting  case  of  a  coarse  mixture  u  =  u/,  .  Under  actual  conditions  the 

OO  d-*oo 

range  of  change  in  particle  size  is  not  infinitely  large.  Even  under 
laboratory  conditions  the  most  finely  ground  fraction  of  oxidizer  usually  has 
a  particle  size  greater  than  5  to  10  ji  although  metal  powders  can  be  consider¬ 
ably  finer  -  down  to  0.1  to  0.01  ji;  see  for  example  Refs.171,  172.  At  the 
same  time  in  practice  it  is  impossible  to  mix  components  so  carefully  as  to 
avoid  agglomeration  of  the  fine  particles.  The  particle  size  in  the  coarsest 
mixtures  does  not  exceed  300-500  ji  and  only  in  rare  cases  reaches  1-1  (in 
laboratory  mixtures) . 

Thus  in  general  the  possibility  of  controlling  the  burning  rate  by 
changing  the  particle  size  can  only  be  partially  realised.  The  actual  value 
of  0  =  uf>i/uco,  where  u^  and  uqo  are  the  burning  rates  of  the  most 
finely  and  most  coarsely  divided  mixture  respectively  remains  less,  often 
considerably  less,  than  the  limiting  value  0^  =  u q/u^. 

Experimental  data  show  that  for  vaporizing  components  the  dependence  of 
burning  rate  u  on  particle  size  d  is  relatively  slight  and  the  extent  of 
change  of  u  due  to  change  of  d,  as  characterized  by  the  quantity  0,  is 
small.  On  the  other  hand  for  non-volatile  components  the  dependence  u(d) 
is  considerably  greater  and  the  quantity  6  is  considerably  larger  (Table  35). 
In  other  words  by  changing  the  particle  size  of  a  non-volatile  component  one 
can  change  the  burning  rate  to  a  much  greater  extent  than  by  changing  the 
particle  size  of  a  component  that  easily  vaporizes. 

This  phenomenon  is  evidently  quite  regular.  From  soction  6, A,  B  it  is 
seen  that  for  systoms  with  vaporizing  components,  the  components  can  mix  in 
the  preheating  zone  at  a  reasonably  nigh  rate.  Consequently  the  burning  rate 
can  be  determined  to  a  considerable  extent  by  kinetic  factors  and  the  dependence 
u(d)  is  slight,  an\  for  sufficiently  small  values  of  d  it  is  completely 
absent,  since  mixing  can  bo  accomplished  completely  within  the  boundary  of  the 
preheating  zone. 
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♦See  section  14  for  explanation 


On  the  other  hand  for  systems  where  one  component  (usually  the  oxidizer) 
vaporizes  and  the  other  is  non-volatile,  mixing  can  occur  only  simultaneously 
with  the  reaction*  In  this  case  burning  takes  place  in  a  regime  close  to  the 
diffusion  regime  and  there  is  a  strong  dependence  u(d)  (where  d  i3  the 
particle  size  of  the  non-volatile  component)# 

C  SHAPE  OF  CURVE  u(d) 

In  the  previous  section  it  was  noted  that  when  the  particle  size  is 
changed  the  burning  rate  changes  considerably  in  the  case  of  the  non-volatile 
component  and  slightly  in  the  case  of  the  vaporizing  component.  It  is 
natural  to  expect  that  the  shape  of  the  curve  u(d)  ought  to  be  different 
for  the  two  cases. 

For  the  non-volatile  component  the  shape  of  the  curve  u(d)  has  been 

investigated  only  in  Ref. 139.  Experiments  were  carried  out  on  W-KCIO^ 

mixtures  with  five  different  fractions  of  tungsten,  four  of  which  were  obtained 

by  sieving  one  batch  of  tungsten  powder  and  the  fifth  from  a  powder  with 

particle  size  ~2.7  n  belonging  to  a  different  batch.  The  particle  size  of 

the  coarse  fractions  was  characterized  by  a  mean  '  sieve'  diameter  and  mean 

•microscope'  diameter;  the  particle  size  of  the  five  fractions  was  also 

characterized  by  the  effective  diameter  calculated  from  the  speoifio 

surface  area  S  which  was  determined  by  drawing  air  through  a  layer  of 
sp 

powder  using  apparatus  FSKh-2: 


'Sieve'  fraction 

+0.400 

-0.400  - 
+0.140 

-0.140  - 
+0.100 

-0*040 

Powder 

d  .  ,  u 

sieve '  r 

270 

120 

- 

- 

d  .  ,  U 

microscope'  r 

550 

340 

160 

~13 

- 

deff»  ^ 

- 

- 

- 

~19 

~2.7 

The  function  u(d)  (or  more  precisely  log  u  =  f  (log  d),  Fig. 27)  has 

1 39 

a  plater. a  for  'medium '  values  of  d  .  In  other  words  for  small  valuos  of 

d  (~3  to  19  |j)  u  is  markedly  dependent  on  d  (usl/d);  for  'medium'  values 

of  d  (19  to  160  ji)  the  dependence  u(d)  becomes  less  strong  and  then  at 

high  values  of  d  (160  to  550  u)  u(d)  again  approaches  u  a:  Because  of 

a 

laok  of  other  experimental  data  it  is  not  yet  clear  how  real  is  the  reduction 
of  the  dependence  u(d)  for  'medium'  values  of  d. 
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The  shape  of-  the  curve  u(d)  for  particles  of  vaporizing  components  has 
been  investigated  in  great  detail  (see  Refs. 137*  141*  146,  169*  170  &n&  others). 

It  should  be  noted  first  that  there  is  a  ‘ncrsmal'  c vcve  u(d)  for 
mixtures  whose  composition  is  not  far  from  stoiohiometric  and  an  ‘anomalous* 
curve  u(d)  for  mixtures  with  a  very  large  excess  of  fuel,  and  possibly  also  . 
for  mixtures  wilii  a  very  small  percentage  of  fuel,  i.e.  very  large  exoess  of 
oxidizer. 

I37 

The  'normal*  curve  u(d)  is  considered  first.  It  was  shown  ,  using 
a  stoiohiometrio  KClO^-bitumen  mixture,,  that  at  not  too  high  pressures  (for 
the  given  mixture/  up  to  5  at®)  the  curve  u(  dQx)  has  an  S- shape  (Pig. 28): 
for  the  vaporizing  component  the  burning  rate  is  slightly  dependent  on  the 
particle  size  for  small  values  of  d^;  then  at  'medium'  values  of  dQX  the 
burning  rate  falls  considerably  with  increase  of  dQx,  but  for  large  values 
of  dQX  the  dependence  u(d)  becomes  weaker.  The 'first  plateau,  for 
sufficiently  small  values  of  d,  evidently  results  from  the  fact  that  the 
mixing  of  the  components  is  successfully  completed  in  the  preheating  zone  and 
burning  takes  place  in  the  kinetic  regime  (see  section  8,a). 

With  increase  in  pressure,  and  consequently  in  burning  rate,  the  first 
plateau  in  the  experimental  u(d)  curves  disappears.  It  is  possible  that  it 
would  still  b8  observed  at  high  pressures,  if  the  experiments  were  carried  out 
with  even  more  finely  divided  mixtures,  i.e.  that  the  plateau  is  observed  both 
at  high  and  low  pressures,  but.  its  length  decreases  as  the  pressure  becomes 
higher. 

The  presence  of  a  plateau  for  d  <  4  is  confirmed  by  the  results  of 
experiments^  which  upheld  that  there  is  a  definite  value  um^n~  0.35  to 
0.4,5  mm/seo  (the  burning  rate  ohanged  with  inoroase  in  p  for  certain  values 
of  a),  such  that  for  u  <  u  ^  the  fine  fraction  (74  to  105  p)  and  the 
ooarse  fraction  (297  to  420  p)  of  NH^CIO^  burnt  in  a  stream  of  methane  at  the 
same  rate. 

The  second  plateau  (for  large  values  of  d)  results  from  the  fact  that 
an  increase  in  d  above  certain  limits  no  longer  affects  the  processes  taking 
plaoe  in  the  zone  of  influence.  Among  several  investigations  (including 
Ref. 137)  whioh  showed  a  decreased  dependence  u(d)  for  high  values  of  d,  the 
work  of  Ref  .12*6  will  bo  mentioned.  For  a  composition  (65$  NH^CIO^,  22$ 
unsaturated  polyoster,  10$  nitroglycerine,  1$  additive)  the  experimental 
points  were  approximated  by  the  equation  u  x  d  n  and  the  value  of  n  was 
as  follows: 


less  than  150  }i 
larger  than  *150  {-i 


_  ”  J 

IBB 

p  =  50  atm 

0.57 

0.59 

0.20 

0.074 

The  curve  u(d)  for  a  large  excess  of  fuel  is  now  considered.  Experi¬ 
ments  were  carried  out^°  with  mixtures  of  NH^CIO^*  with  polystyrene  (<100{j) 
for  a  =  0.15,  0.2  and  (for  comparison)  a  =  1,  and  also  with  perspex  (~3  fi) 
for  a  =  0.2  and  (for  comparison)  a  =  1.  It  was  shown  that  for  mixtures 
with  a  large  excess  of  fuel  the  burning  rate  increases  with  decrease  in  d 
only  up  to  a  certain  limit,  and  then  for  a  certain  value  of  d  goes  through 
a  maximum  and  begins  to  fall  (Fig. 29b,  c,  and  Fig.30). 

This  paradoxical  dependence  u(d)  for  fixtures  with  a  large  excess  of 
fuel  can  be  explained  by  the  concept  that  the  rate  of  burning  is  determined 
not  by  the  whole  of  the  combustion  zone  of  the  components,  but  only  by  that 
part  of  it  which  is  close  to  the  surface  of  the  charge  (see  section  10, B). 

The  mixtures  considered  in  this  work  have  components  which  first 
vaporize  and  then  react  with  one  another.  For  sufficiently  small  values  of 
d  the  ratio  of  the  components  in  the  gas  phase  is  the  same  as  in  the  original 
mixture,  i.e.  the  reacting  mixture  is  considerably  diluted  by  the  excess  fuel 
and  the  burning  rate  is  lov/ . 

However  as  the  particle  size  of  the  oxidizer  is  increased  only  a  portion 
of  the  original  components  succeeds  in  vaporizing  and  reacting  within  the 
boundary  of  the  zone  influencing  the  burning  rate.  At  the  same  time  the 
vaporization  of  the  fuel,  which  is  a  strongly  endothermic  process,  lags  behind 
the  vaporization  of  NH^CIO^  since  the  decomposition  of  NH^CIO^  is  accompanied 
by  the  formation  of  an  NH^  +  HCIO^  decomposition  flame  ar.d  takes  place  with 
the  emission  of  heat:  seo  section  10. 


♦NH^CIO^  was  used  with  ’sieve*  fractions  of  320-400,  140-320,  100-140, 

6 3-1 00,  5O-63  and  <  50  (i  and  also  fractions  of  ~17  (i  which  were  ground  in 
a  porcelain  mill.  The  effective  diameters  of  the  two  last  fractions  were 
calculated  using  the  value  of  Sgp  and  wore  measured  using  apparatus  PSKh-2. 

i 

'Generally  it  is  not  possible  to  ignite  a  very  finely  divided  (d  x  5  (i) 
mixture  of  NH^CIO^  +  perspex  for  a  =  0.2  at  5-100  atm.  *  0X 
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Consequently  as  d  increases,  the  mixture  reacting  in  the  zone  of 
influence  is  diluted  less  and  less  by  the  excess  fuel.  Hence  the  burning  rate 
increases  but  only  up  to  the  point  when  there  is  a  reduotion  in  the  heat 
release  due  to  the  decrease  in  the-  quantity  of  substance  reacting  in  the  zone 
of  influence  and  to  the-  increase  in  the  heat  lost  in  heating  the  fuel  and 
oxidizer  partioles  reacting  a  long  way  from  the  zone  of  influence.  Thus  for 
mixtures  with  a  large  excess  °f  fuel  the  curve  u(d)  must  have  a  maximum. 

On  the  other  hand  for  stoichiometric  mixtures  both  these  processes 
(1  -  decrease  of  fraction  of  substancs  reacting  in  zone  of  influence,  2  -  change 
of  composition  of  gas  phase  in  zone  of  influence)  with  increase  in  dQX  operate 
in  the  direotion  of  a  reduction  in  burning  rate,  since-  for  a  stoichiometric 
mixture  the  delay  in  the  vaporization  of  the  fuel  makes  the  reacting  mixture 
less  rioh  and  lowers  its  •‘.amperature. 

The  following  observation  should  be  made.  A  fall  in  the  burning  rate 
occurs  as  d  is  decreased  for  a  sufficiently  large  excess  of  fuel  and  for 
small  values  of  d.  Thus  with  a  somewhat  smaller  excess  of  fuel  in  the  range 
of  small  d  a  plateau  can  be  expeoted,  although  its  oau3e  will  be  totally 
different  from  the  one  discussed  previously  in  section  8, A.  This  may  explain 

the  presence  of  the  plateau  (rather  long  even  at  50  to  JO  atm)  on  the  u(d) 
curves  for  the  Thiokol  composition  in  the  investigations  of  Ref .178  (Fig.3l) • 

An  anomalous  curve  u(d)  can  evidently  be  observed  also  for  mixtures 

with  a  very  small  percentage  of  fuel  (i.o.  with  large  excess  of  oxidizer). 

123 

A  considerable  decrease  in  the  dependence  u(dQx)  was  observed  J  as  the  flow 
of  methane  was  decreased  during  the  burning  of  a  layer  of  particles  of  Iffl^ClO^ 
through  which  methane  was  blown.  The  ratio  of  the  burning  rate  of  the  finest 
fraction  investigated  (74  to  105  |i)  to  that  of  the  coarsest  fraction  investi¬ 
gated  (297  to  420  ja)  was  as  follows: 


a 

27.2 

13.6 

4.53 

2.72 

1.95 

u„,/u 
fr  co 

1.0 

1.22 

1.25 

1.25 

1.27 

Thus  in  this  case  there  is  a  long  plateau  on  the  curve  u(dQx)  for  a 
very  small  percentage  of  fuel  in  that  range  of  d  where  u  increases 
significantly  with  doorease  in  d  for  mixtures  not  too  far  from 
stoichiometrio. 
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In  addition  it  was  shown  that  mixtures  of  finely  divided  NH^CIO^  with 
powdered  volatile  fuels,  which  contain  a  very  small  percentage  of  fuel,  have  a 
lower  burning  rate  than  pure  NH^CIO^  (see  also  section  19).  In  other  words 
the  addition  of  a  small  percentage  of  fuel  to  finely  divided  NH^CIO^  lowers 
the  burning  rate.  It  is  possible  that  with  increase  in  d,  other  conditions 
being  equal,,  this  reduction  will  be  less.  If  this  is  so,  the  dependence 
u(dox)  will  be  anomalous,  since  with  increase  in  d  the  absolute  burning 
rate  will  increase  somewhat.  This  has  not  yet  been  verified  experimentally. 

D  DEPENDENCE  u(d)  FOR  POLYMODAL  MIXTURES 

The  burning  of  systems  using  an  oxidizer  in  the  form  of  a  mixture  of  two 
(or  several)  fractions  of  considerably  different  particle  size  is  of  great 
practical  and  theoretical  interest. 

If  the  burning  rate  were  determined  unambiguously  by  the  raagiiitude  of 
the  specific  surface  of'  the  components,  then,  for  example,  for  a  system 
containing  5Q?i  of  a  very  coarse  fraction  of  oxidizer,  the  burning  rate  u  . 

lulA 

would' be  approximately  (ufi  +  uco)/2,  where  ufi,  ucq  are  the  burning  rate 
for  a  system  with  finely  divided  oxidizer  and  a  system  with  coarsely  divided 
oxidizer  respectively. 
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However,  experiments  have  shown  that  this  simple  relation  is  true 

for  only  part  of  the  system  (see  composition  2  in  Table  36). 

For  some  of  the  other  compositions  (composition  3)  u  cl°se  to 

ufi  or  even  exceeds  uf^  (composition  1  at  70  and  100  aim).  On  the  other 
hand 'for  other  compositions  u^x  is  near  to  (composition  k)  or  even 

less  than  u  (composition  5  at  40  and  100  atm). 

CO 

The  relationship  between  u^,  Umix  an^  uco  convenIently 

u  .  -  u 

represented  by  the  parameter  Y  where  Y  =  -r— * - .  For  the  cases 

,Ufi  “  Uco' 

considered  above  the  value  of  Y  is  equal  to 


u  .  ?. 

mix 


fi 


u  .  <  u 

mix  co 


u  . 
mix 


u„.  +  u 

fl  CO 


Y  *  1  Y  «  0 


Y  =  0.5 
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TABLE 


Burning  rate  of  compositions  based  on  KH^CIO^  with  fine 
coarse  (1^0  to  320  uV  and  mixed  (50#  fine  +  5Q&  coarse)  oxidizer 


No.  of 
composi¬ 
tion 

Fuel 

1 

Polystyrene 

(<  100  \i)  ■ 

2 

Polystyrene 

3 

Perspex 

4 

Perspex 
(~3  fi) 

S 

I 

i 

1 

Perspex 

. 

Method  of 
preparing 
oixture  - 


Oxidizer 
a  particle 
size 


u,  tan/ sec 


•The  ungolatlnlzed  oixture  was  prepared  by  mixing  the  components  in  powder  form.  The  gelatinized 
mixture  ms  prepared  in  the  soqo  my,  then  treated  with  solvent  (dichloroothans),  mix.d  for 
2^  hours  and  dried.  During  gelatinlzation  the  fuel  ms  spread  as  a  film  over  the  surface  of  the 
oxidizer  particles. 


••Data  obtained  by  interpolation  on  curve  u(d). 


^lxed  ucoarse 

1  u  -  u  * 

j  fine  coarse 
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The  structure  of  the  oombustion  zone  must  be  considered  to  explain  why 
in  some  cas93  is  close  to  and  in  other  cases  close  to  ucq. 

Compositions  with  bimodal  oxidizer  are  essentially  inhomogeneous;  there  is  a 
lattice  of  crystals  of  coarse  oxidizer,  the  interstices  between  which  are 
filled  with  a  relatively  homogeneous  mixture  of  fuel  and  fine  oxidizer  with 
ratio  of  components  equal  to  a/2, 

If  the  burning  rate  of  this  homogeneous  mixture  (u^) ^ 2  ^ 8 

sufficiently  high,  a  flame  is  propagated  in  the  interstices  between  the 

coarse  crystals  of  the  oxidizer.  The  burning  rate  of  a  composition  with 

mixed  oxidizer  u  .  is  approximately  equal  to  (u-,)  /„•  At  the  same  time 

if  (ufi)/2  £  ufi,  tbsn  umix  x  ufi.  The  presence  of  the  coarse  oxidizer 

here  only  reduces  the  burning  rate.  On  the  other  hand  if  (u^)  yg  c^03e 

to  u  ,  then  the  presence  of  the  coarse  oxidizer  can  increase  the  burning 

rate.  Finally  if  the  homogeneous  mixture  in  the  interstices  between  the 

coarse  crystals  is  unable  to  burn  on  its  own  or  has  a  very  low  burning  rate, 

then  u  .  will  be  close  to  u  and  cam  even  be  less  than  u _  (but  not 

mix  co  co 

less  than  (uj^. 

Thus  the  relationship  between  umix,  uf^  and  uqo  i3  determined  by  the 
relationship  between  (u^) ^g,  and  ucQ.  The  general  form  of  the  curve 

u(a)  is  shown  in  Fig. 32.  Thus  (u^) ^g  >  ufi>  3X111  ^  ^ »  can  ex^sb  ^or 
a/2  >  a2»  i.e.  on  the  right-hand  side  of  curve  ufi(a).  The  equality 

Wi^a/2  ~  ufi  can  exis't  for  a  >  a2*  bhis  case  the  Point3  (ufi)a/2 
and  uf^  lie  to  the  left  and  right  of  the  maximum  respectively.  Finally 

( ufi ) a/2  <  Uco  *8  obviously  satisfied  for  a  <  a^. 

168 

Experiments  were  also  made  with  a  mixed  oxidizer  containing  20$ 
coarse  and  80$  fine  fractions,  as  well  as  with  a  mixod  oxidizer  containing  50$ 
coarse  and  50$  fine  fractions.  It  was  shown  that  (umix)20*80  WaS  always 
almost  equal  to,  but  slightly  less  than, th9  burning  rate  of  the  homogeneous 
mixture  ga  ^nborsbioes  between  the  coarse  crystals.  This  is 

in  good  agreement  with  the  ideas  proposed  above. 

14  DEPENDENCE  OF  BOUNINS  RATE  ON  MIXTURE  RATIO 


The  burning  rate  of  condensed  mixtures  depends  to  a  great  extent  on  the 
oxidizer-fuel  ratio,  a. 

The  curve  u(a)  has  a  maximum  at  some  value  a  =  a  and  on  either 
'  max 

side  of  this  maximum  the  burning  rate  decreases,  at  iirst  gradually  and  then 
more  steeply.  The  side  of  the  curve  u(a)  corresponding  to  excess  fuel 
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stops  sharply  at  some  sufficiently  small  value  of  a  (’rich*  limit).  On  the 
other  side  there  is  also  a  ’lean*  limit,  for  an  oxidizer  that  is  unable  to 
burn  on  it;*  own  (e.g.  KGIO^),  whereas  for  oxidizers  (e.g.  NH^CIO^)  which  are 
able  to  sustain  combustion  on  their  own  there  is  no  ’lean*  limit*. 

A  POSITION  OF  THF  MAXIMUM  BURNING  RATE 

It  was  shown  in  section  1,B  that  for  gaseous  mixtures  with  air  and 

espeoially  with  oxygen  mixtures  the  maximum  burning  rate  was  olose  to  the 

stoiohiometrio  (for  air  mixtures  a  =  0.8  to  1*1).  The  only  exceptions 

max 

were  mixtures  with  hydrogen  and  carbon  monoxide  for  which  u  ^  was  displaced 
considerably  in  the  direction  of  excess  fuel.  Por  hydrogen  mixtures  this 
displacement  is'  aasooiated  with  the  fact  that  the  velocity  of  the  flame  is 
determined  to  a  considerable*  extent  by  the  diffusion  of  active  particles,  in 
this  oase  mainly  hydrogen  atoms,  into  the  unbum, t  mixture. 

?or  condensed  mixtures  with  vaporizing  components  uma3C  is  olose  to  the 
stoiohiemetrio  value  (Refs.164,  169,  141,  15*f>  175-177)*  Thus  in  investiga¬ 
tions1^**^  on  finely  divided  mixtures  of  KH^CIO^  (or  KCIO^)  with  poly- 
formaldehyde,  perspex,  benzoio  aoid  and  bitumen  unax  (at  p  <  100  atm) 

ocourred  at  a  =  0.7  to  1 ,0j  data  are  given  for  a  finely  divided  Mi,  CIO,  - 

177  **■  * 

perspex  mixture  in  Pig .33*  A  similar  result  was  obtained  for  mixtures  of 
NH4CIO4.  *****  a  fcar*es  of  solid  and  liquid  fuels  (Table  37) »  and  also  in 
Ref.176  for  a  layer  (6  *  0.51)  of  loose  NH^CIO^  (250  to  540  ^)  in  powder 
form,  through  whioh  was  blown  CH^,  Hg,  C^ig,  CgH^,  Cyig  and  C^g.  In 
particular  the  results  obtained 


Dependence  u(q)  for  NH^CIQ^  mixtures  with  various  fuels  (p  »  1  atm  abs) 


Fuel 

Q| 

V** 

u» 

mfno 

Cl  ■  1.67 

a  -  1.25 

a  »  1.0 

a  ■  0.83 

a  «  o,7U 

a  «  0.6& 

faraforualdehyde 

<  75 

100-250 

0,865 

0.895 

0.955 

2*222 

0.91 

0.90 

Urotropim 

<100 

10SM2S0 

0,56 

••77 

0.93 

0.95 

9.91 

0.86 

Baltic  anhydride 

<100 

102-850 

0.65 

0.71 

0.80 

2*22 

•* 

Methylaethacrylate 

O.SA 

2*22 

0.96 

0,93 

0.86 

0,79 

(aeocoer) 

Liquid 

0,83 

0.90 

2*21 

0.87 

0.82 

0.77 

HOTS:  Tbe  wulnua  value  it  underlined. 


*In  section  19  it  is  shown  that  small  additions  of  fuel  to  ammonium 
perohloratc  result  in  extinction  of  burning  for  pressures  st  which  pure  NffyClO^ 
bums  perfectly  steadily.  In  these  oases  there  are  two  limits  for  the  range 
of  lean  mixtures  between  whioh  burning  doee  not  take  place. 
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for  methane  end  a  CH, -Nrt  mixture  were: 

4  2 


j"  — " 

Mixture 

-2  -1 

m,  gm  cm  sec 

a  =  2 

a  =  1 

a  =  0.667 

a  =  0*5 

a  =  0.4 

CH. 

4 

0.111 

0.123* 

0.112 

0.099 

0.087 

90#  CH,  +  10#  N_ 
4  2 

0.096 

0.11* 

0.10 

0.087 

0.074 

80#  CH,  +  20#  N- 

0.080 

O.O93* 

0.085 

0.074 

0.063 

*See  note  to  Table  37* 


With  increase  in  particle  size  of  the  components  the  maximum 
burning  rate  can  be  displaced  in  the  direction  of  excess  fuel  (compare 
l'ig.33  for  a  finely  divided  and  Fig. 34  for  a  coarse  NH^ClO^-perspex 
mixture  and  also  the  data  for  a  finely  divided  and  coarse  NH^CIO^- 
methylmsthacrylate  mixture  in  Table  37)* 


Pressure  has  a  slight  influence  on  the  position  of  u  for 

max 


mixtures  based  on  NH. CIO. 

4  4 


KC10.  u 
4  max 


On  the  other  hand  for  mixtures  based  on 
is  displaced  considerably  in  the  direction  of  excess  fuel 


with  increase  in  pressure,  e.g.  for  a  KClO^-urotropine  mixture  at 


10  atm  a. 


u 

max 


0.9  and  at  50  atm  a , 


a  0.5. 


max 


If  umax  is  close  to  a  =  1  for  mixtures  with  vaporizing  com¬ 
ponents,  then  in  changing  to  a  non-volatile  fuel  umQX  is  displaced 
significantly  in  the  direction  of  excess  fuel.  Thus  for  mixtures 

u  was 

164,175. 


based  on  KCIO^  at  30  to  100  atm  the  following  value  of  ay 


max 


obtained 


Dextrin  0,9 

Graphite  0.4 

Tungsten  <  0.1 

.?here  dextrin  is  a  vaporizing  fuel  and  tungsten  is  a  non-volatile  fuel, 
but  with  graphite  the  decisive  role  Is  played  by  the  formation  of  CO 
on  the  surface  of  the  particles  with  the  subsequent  burning  of  CO, 
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The  burning  of  several  mixtures  with  metal  fuels  at  1  atm  ab3  was 

studied  in  Ref .179*  In  all  cases  u  was  displaced  in'  the  direction  of 

max  r 

excess  fuel.  For  the  series  of  fuels  Fe,  Mn,  Me  the  greatest  displacement  of 
Umax  was  °^serve^  t'dr  molybdenum, 'which  is  the  least  volatile  (B.pt  of 
Mn  ~  2150°C,  of  ■  Fe  ~  2740°C  and  of  Mo  ~  1*S00°C)  . 

Thus  the  results  obtained  for  mixtures  based  on  KHnO,  were 


Fuel 

■Mn 

Fe 

Mo 

%  fuel  at 

Umax 

45 

55 

76 

Tnax 

4-5 

35 

30 

au 

1.0 

0.44 

0,136* 

max 

An  inorease  in  the  partiole  size  of  aluminium  in  the  mixture  Al-Feo0, 

139  ^  ^ 

displaces  u  in  the  direction  cf  excess  fuel  j  thU3  for  d.,  s  4  |i  the 

IflcUC  ivX 

maximum  burning  rate  is  at  a  a  0.8,  and  for  d^  sj  160  ji  the  burning  rate 
continues  to  increase  slowly  at  least  up  to  a  =  0.3. 

It  is  possible  to  explain  these  results  for  the  position  of  the  maximum 
on  the  curve  u(a)  by  using  the  ooncept  of  the  zone  of  influence.  The  value 

of  a  in  the  ga3  phase  within  the  boundary  of  the  zone  of  influence  fer 
mixtures  with  vaporizing  components  will  be  equal  to  the  value  of  a  in  the 
original  composition  only  for  sufficiently  finely  divided  mixtures.  With  an 
increase  in  the  particle  size  of  the  components  the  value  of  a  in  the  gas 
phase  will  change  in  the  direction  of  an  excess  of  the  component  which 
vaporizes  more  easily.  For  tho  mixtures  considered  this  component  is 
evidently  the  oxidizer  (see  section  6,  8,  10, B).  Hence  the  gas  phase  within 
tho  boundary  of  the  zone  of  influence  contains  more  oxidizer  than  the  original 
mixture,  for  coarse  mixtures.  Moreover,  there  is  less  fuel  in  the  zone  of 
influenoe  for  ooarso  mixtures  than  in  tho  original  mixture. 

This  effect  can  account  for  the  displacement  of  the  maximum  burning  rate 
umax  of  excess  fuel  with  increase  in  particle  size  of  the 

components.  In  fact  with  increase  in  tho  coarsoness  of  the  mixture,  a 
greater  excess  of  fuol  is  required  in  the  original  mixture  in  order  to  keep 

•The  value  of  is  calculated  on  the  assumption  that  the  maximum 

max 

heat  of  oombustion  is  reached  at  a  =  1. 
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the  composition  of  the  gas  phase  in  the  rone  of  influence  oonstant  and  close 
to  that  corresponding  to  the  maximum  rate  of  reaotion. 

The  clearest  c .  .vernation  can  be  given  of  the  phenomenon  of  the  displace¬ 
ment  of  u  in  the  direction  of  excess  fuel  by  considering  the  change  from 
max 

a  volatile  to  a  non-volatile  fuel.  TCLth  a  less  volatile  fuel  a  greater 
excess  is  required  in  tho  zone  of  influence  in  order  to  ensure  the  same  rate 
of  reaotion  as  calculated  for  example  from  the  rate  of  consumption  of  oxidizer. 
The  other  case  is  equally  important:  with  a  vaporizing  fuel  there  are  high 
heat  losses  in  heating  it  and  in  decomposing  and  heating  the  products  of 
vaporization.  Consequently  the  burning  rate  begins  to  fall  significantly 
when  the  excess  of  the  vaporizing  fuel  is  not  yet  very  high  and  eapeoially  so 
for  a  finely  divided  fuel.  For  a  non-volatile  fuol  heat  losses  expended  in 
vaporization  are  absent  and  thus  only  a  very  large  excess  of  fuel  begins  to 
lower  the  burning  rate. 

B  SEDUCTION  IN  BURNING  SATE  DUE  TO  VARIATION  OF  MIXTURE  RATIO  FBOM 

max 

As  the  mixture  ratio  varies  more  from  a  ,  the  composition  corros- 

max 

ponding  to  maximum  burning  rate,  the  curve  u(a)  at  first  falls  rather  gently 
and  then  more  and  more  steeply.  This  fall  in  the  burning  rate  may  be 
characterized  by  the  ratio  u/u  for  the  given  value  of  a/a  .  Using 
the  experimental  data  disoussod  in  the  previous  seotion  the  following  con¬ 
clusions  may  be  reaohed; 

(l)  In  all  cases  an  exooss  of  fuel  (in  comparison  with  au  )  lowers 

max 

the  burning  rate  of  coarse  mixtures  slightly  and  of  finely  divided  mixtures 

considerably.  In  other  words  the  value  of  u/u  (for  a  givon  value  of 

max  • 

a/a  <  1)  for  coarse  mixtures  is  higher  than  for  finely  divided  mixtures 
umax 

(Table  38) •  This  result  is  obvious  from  the  point  of  view  of  the  concept  of 
the  zone  of  influence  expressed  at  tho  end  of  the  previous  section.  As  the 
ooarsenoss  of  the  mixture  is  inoreased  the  amount  of  exooss  fuel  that  succeeds 
in  vaporizing  doorcases  and  the  ratio  of  the  oomponont3  in  the  gas  phase 
approaches  more  closely  to  the  stoiohiomotric  value;  with  a  non-volatile 
fuol  an  inorease  in  d  loads  to  a  decroaso  in  tho  hoat  lost  in  heating  tho 
excess  fuol. 

For  excess  oxidizer  (a/a  >1)  the  dependence  of  u/u  on 

max  max 

particle  size  i3  less  pronounced. 
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(2)  A  systematic  dependence  of  u/umQX  on  volatility  of  the  fuel 

has  not  been  discovered,  i.e.  using  coordinates  (u/u  ,  a/a  )  the  data 

'  w  '  max  u 

max 

for  condensed  mixtures  with  a  volatile  and  non-volatile  fuel,  for  ’hybrid 
mixtures’  e.gc  particles  of  NH^CIO^  burning  in  a  stream  of  methane,  etc, and 
even  for  homogeneous  gas  mixtures  are  approximately  grouped  about  the  same 

i 

curve  (Table  39;  sco  also  Tables  6,  7  and  38)* 

However  it  should  be  emphasized  that  the  variation  of  the  composition 

from  a  ,  i.e.  from  the  composition  with  maximum  burning  rate,  is  being 
■  max 

considered.  At  the  same  time  (as  shown  in  the  previous  section)  the  value  of 

au  is  different  for  volatile  fuels  (a  «  i)  and  non-volatile  fuels 
max  umax 

(a  corresponds  to  a  large  excess  of  fuel).  If  the  ratio  v/u  is 
Umax  ^ 

calculated  to  show  how  the  burning  rate  changes  with  the  extent  of  the  varia¬ 
tion  from  the  stoichiometric  composition,  then  the  effect  of  volatility  will 
be  very  large;  for  instance  for  mixtures  with  perspex,  when  an  excess  of  fuel 
is  introduced,  the  value  of  u/u^  begins  to  fall  rapidly  and  for  mixtures 
with  tungsten  it  will  increase  considerably  right  down  to  a  <  0,1. 

(3)  An  excess  of  fuel  reduces  the  burning  rate  less  at  a  high  initial 

21 6 

temperature  of  the  charge  than  at  an  ordinary  initial  temperature  .  In 

other  words  the  value  of  u/u  for  a  given  value  of  a/a  <  1  rises 

max  u 

max 

with  increase  of  Tq.  A  similar  but  less  pronounced  effect  is  observed  for 
an  excess  of  oxidizer.  Thus  for  a  gelatinized  NH^CIO^  (~10  fi)  +  polystyrene 
mixture  at  40  atm  the  following  data  were  obtained: 


u/u 

max 

u/u 

max 

V  c 

a/a  = 

max 

0.4 

a/a 

=  L.O 
u 

max 

m 

To,  C 

a/a  = 

max 

0.4 

a/a  =  4.0 

^  u 
max 

15 

0.21 

0.43 

~90 

0.37 

0.45 

~60 

i 

0.22 

0.42  | 

135 

0.41 

- 

0.57 
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15  DEPENDENCE  OF  BURNING-  RATE  ON  PRESSURE 

The  dependence  u(p)  is  a  most  important  function*  for  the  solid 
propellents  used  in  rocket  motors  of  various  types.  It  is  also  of  consider¬ 
able  importance  for  pyrotechnic  mixtures. 

For  condensed  mixtures  (as  well  as  for  homogeneous  explosive  materials 
and  homogeneous  gaseous  systems)  the  actual  curve  u(p)  is  approximated  by 
equation  (2),  u  =  bpV,  Equation  (2)  was  first  used  at  the  end  of  the  XIXth 
century  by  Vieille  and  since  that  time  has  been  employed  extensively.  It  is 
convenient  for  ballistic  calculations.  In  particular  the  pressure  in  the 
combustion  chamber  of  a  rocket  motor  is  given  from  theory  by 


P 


c 


1/(1  -v) 


(100) 


where  p  is  the  propellent  density,  A  is  the  discharge  coefficient,  S  is 

the  burning  area,  and  S  is  the  critical  cross-sectional  area  of  the  nozzle. 

cr 

Prom  (100)  it  is  seen  that  oombustion  in  the  motor  is  stable  only  for  v  <  1 
(see  also  Ref. 194,  etc).  The  use  of  the  more  complicated  expressions 
u  =  a  +  bp,  u  =  a  +  bpV  and  also  (96)  instead  of  (2)  is  not  justified  (see 
section  2,B);  where  necessary  the  actual  curve  u(p)  should  be  divided  into 
several  portions  and  the  coefficients  in  equation  (2)  selected  for  each. 

Most  experimental  data  relating  to  tho  dependence  u(p)  refer  to  the 
pressure  range  from  1  atm  abs  up  to  100-200  atm.  The  very  scanty  data 
obtained  for  p  <  1  atm  abs  (section  E)  and  for  pressures  from  several 
hundreds  of  atmospheres  to  several  thousands  of  atmospheres  (section  F)  will 
be  considered  separately. 

A  SHAPE  OF  CURVE  u(p) 

The  shape  of  the  curve  u(p)  for  condensed  mixtures  can  be  very  varied 
as  is  also  the  case  for  horaogoneous  explosive  materials;  sec  section  2  and 
section  5«  With  increase  in  prossuro  the  burning  rate  can  bohave  as  follows: 

I  It  can  riso  monotonically.  This  type  of  curve  u(p)  is  observed 
both  for  systems  with  vaporizing  components  (Fig. 35)  and  for  systems  where  the 
fuel  is  non-volatile  (Fig. 36). 

♦In  the  literature  on  internal  ballistics  (sec  for  example  Ref. 191 )  the 
function  u(p)  is  often  called  'the  law  of  burning*  or  the  'burning  rate  law*. 
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II  It  can  rise  and  tend  towards  some  constant  value.  This  type  of 

curve  is  often  obtained  for  pyrotechnic  mixtures  (Fig.37,  and  curves  2  and  4 
in  Pig. 38).  However  it  is  also  sometimes  observed  (Refs. 103,  141,  175)  for 

mixtures  with  organic  fuels  (Pig.39). 

III  It  can  remain  constant  throughout  the  whole  pressure  range  investi¬ 
gated  (see  curve  1  in  Pig. 38).  This  typo  of  curve  is  relatively  rare. 

IV  It  can  rise  and  then  remain  constant  over  a  certain  pressure  range 
(plateau)  and  after  that  rise  again  (see  curve  1  in  Pig. 40).  Curves  of  this 
type  are  of  considerable  interest  for  solid  propellents  but  are  less  frequently 
found  than  curves  of  type  I. 

V  It  can  rise  to  some  maximum  value  and  then  fall,  somotimes  with  the 
extinction  of  burning.  This  type  of  curve  is  observed,  although  rather 
infrequently,  both  for  mixtures  with  organic  fuels  (see  curves  2  and  3,  Pig. 41 ) 
and  pyrotechnic  mixtures  (see  curve  3,  Pig. 38). 

There  is  no  3 harp  boundary  between  the  types  enumerated,  and  especially 
betwoen  the  curves  of  type  II  and  IIIj  see  Pig. 37.  Moreover  all  the  experi¬ 
mental  data  relato  to  a  iimitod  pressure  range.  It  is  quite  possible  that  by 
extending  thi3  range  a  curve  of  typo  II  may  change  to  a  ourvo  of  type  IV,  etc. 

The  factors  determining  the  form  of  the  dependence  u(p)  have  as  yet 
been  investigated  only  to  a  small  extent.  The  most  natural  explanation  of  the 
rise  of  burning  rate  with  increase  in  pressure,  in  those  casos  where  this 
occurs ,  is  that  the  increase  in  pressure  accelerates  the  reactions  in  the  gas 
phase  in  the  same  way  as  in  the  case  of  volatilo  explosives  and  homogeneous  ga3 
mixtures*.  However,  while  it  is  possible  in  a  number  of  cases  for  gas  mixturos 
and  volatile  explosivos  to  relato  the  value  of  the  exponent  v  in  the  formula 

y 

m  =  bp  with  the  order  of  the  controlling  reaction  n  =  2v,  the  value  of  v 
is  determined  for  condonsod  mixtures  to  a  much  lessor  extent  by  the  order  of 
the  controlling  reaction  and  doponds  on  many  other  parameters  such  as  the 
particle  size  of  the  components,  their  volatility,  their  heat  of  vaporization, 
etc.  It  is  usual  to  explain  the  absence  of  a  burning  rate  dependence  on 
pressure  for  non-volatile  explosives  on  tho  assumption  that  the  reaction  in 
the  condensed  phase  is  the  controlling  reaction. 

♦For  condensed  mixtures  theoretical  models  can  be  constructed  (see 
Refs. 202,  215,  etc),  in  which  the  dependence  u(p)  is  associated  with  the 
oh&nge  in  the  degree  of  dispersion  for  a  change  in  pressure  .when  the  controlling 
reaction  i3  in  the  condeased  phase.  This  has  not  yet  been  investigated 
experimentally. 


Such  an  explanation  is  also  feasible  for  condensed  systems  (see  Refs. 1 57 * 
250).  However  there  are  several  examples  such  as  burning  of  mixtures  with  a 
large  excess  of  organic  fuel,  burning  of  mixtures  with  polymodal  components 
and  burning  of  some  layer  systems,  for  which  the  independence  of  the  burning 
rate  on  pressure  is  obviously  connected  with  other  causes  (see  below). 

The  case  where  the  burning  rate  falls  with  increase  of  pressure  may  also 
be  connected  with  various  causes.  Thus  in  section  11  the  fall  in  burning 
rate  with  increase  of  pressure  (v  <  0)  was  related  to  the  formation  of  a 
crust  of  condensed  residue  on  the  surface  of  the  3trand  in  the  presence  of  a 
controlling  reaction  in  the  gas  phase.  Systems  with  a  large  excess  of  organic 
fuel,  for  which  on  the  u(p)  corves  portions  are  observed  with  v  <  0,  will 
be  examined  below. 

B  EFFECT  OF  PARTICLE  SIZE  OF  COMPONENTS  ON  DEPENDENCE  u(p) 


It  was  shown  in  section  13  that  the  particle  size  of  the  fuel  and 
oxidizer  can  have  a  considerable  effect  on  the  absolute  magnitude  of  the  burn¬ 
ing  rate.  Experiments  show  that  the  particlo  size  of  the  components  also  has 
an  effect  on  the  shape  of  the  curve  u(p) . 

For  mixtures  with  organic  fuels  with  a  mixture  ratio  not  far  from 
stoichiometric,  the  particle  size  of  the  components  has  a  relatively  small 
effect  on  the  form  of  the  curve  u(p).  However  for  finely  divided  mixtures 
u  usually  depends  on  p  to  a  somewhat  greater  oxtent  than  for  coarse 
mixtures.  Consequently  the  value  of  v  in  the  equation  u  =  bpv  falls 
slightly,  or  remains  approximately  constant,  with  increase  of  the  particle 
size  of  the  components  (Tablo  40) . 

For  mixturos  with  a  large  excess  of  organic  fuel  the  dependence  of  v 
on  d  is  variable:  (l)  for  compositions  2  to  5  (see  Table  40 )  the  valuo  of 
v  for  finely  divided  mixtures  is  considerably  higher  than  for  coarse  mixtures 
(i.e.  v  falls  significantly  with  increase  of  d) ;  (2)  for  composition  7 

the  opposite  effect  is  observed:  the  value  of  v  for  finely  divided  mixturos 
is  very  much  lownr  than  for  coarse  mixturos  at  high  pressures.  An  increase 
in  v  with  increase  in  d  is  observed  for  the  composition  6S?c 

QX 

NH^CIO^  +  21$  unsaturated  polyester  +  1Q£  nitroglycerine: 


dAY»  N  40-53  53-74  74-88  88-1 05  105-147  147-297  297-500  500-710 


.3" 
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TABLE  2tO 

Effect  of  NH^CIO^  particle  size  on  the  value  of  v  in  the  equation  u  =  hpV 


for  mixtures  with  organic  fuels 


No.  of 

Fuel 

V 

_  _ 

d  *  U 

— 

mixture 

ox'  r 

a-  2 

a»  1 

a-  0.7 

1  a  -  0.5 

a  -  0.3 

a  -  0.2 

1 

Bitumen17"1 

-15 

0,61 

0.59 

1 

H 

•• 

- 

—120 

0.56 

0.53 

BUI 

0.50 

mm 

- 

2 

Polystyrene  (<  100  jx) 

—6 

H 

m 

0.50 

0.56 

mm 

0.91* 

(unjelatlnized 

mixture)17"1 

— to 

9% 

EH§ 

- 

0.44 

0.58 

0,74 

140  to  320 

a 

0.51 

0.52 

0.47 

0,49 

0.60 

3 

Do,  gelatinized 

—6 

■ 

0.71 

0.68 

mm 

0.81 

mixture1''5 

— 40 

- 

0.5  o* 

0.65 

0.85 

140  to  320 

HI 

0.53 

0.50 

0.49 

0.56 

- 

4 

Polystyrene  (<  100  fi) 

-6 

■ 

C.52* 

•• 

— 

** 

0.83 

(ungelatinized 

mixture)1?0 

63  to  100 

H 

0.55* 

*• 

- 

mm 

0.58* 

100  to  140 

II 

- 

- 

«• 

mm 

0.58* 

320  to  4 00 

«r> 

0.59* 

- 

m m 

mm 

5 

Perspex  (— 3fi) 

63  to  100 

mm 

mm 

o.3&> 

0.69 

mm 

1.08* 

(ungelatinized 

Co 

• 

o 

R 

a 

(a  »  0.4) 

mixture)170 

100  to  140 

- 

0.33 

0.36» 

0.41 

mm 

0.83* 

(a»  0.6) 

(a  *  o#4) 

_ 

6 

Do175 

0.44 

0.36* 

0.39* 

mm 

140  to  320 

0.45* 

0.37 

0.40 

•• 

mm 

1 

7 

Do,  gelatinized 

^6 

■ 

mixture175 

(5  to  25  atm) 

0.53 

0.55 

0.50 

0.49 

• m 

mt 

(25  to  40  atm) 

0.53 

0.55 

0.36 

0.0 

mm 

- 

(40  to  100  atm) 

0.53 

0.52 

-0.24 

-0.15 

VO 

mm 

mm 

140  to  320 

R 

(5  to  25  atm) 

0.66 

0.42 

0.42 

0.43 

a 

- 

~ 

. . . i 

(25  to  100  atm) 

0.48 

0.56 

0.42 

0.54. 

- 

- 

•In  the  pressure  range  40  to  100  atm;  In  the  other  cases,  except  for  mixture  7  -  in  the 
range  5  to  100  atm. 


The  independence,  or  slight  dependence,  of  the  value  of  v  on  d  for 
compositions  close  to  stoichiometric  is  unexpected  and  is  in  fact  rather 
surprising.  It  would  he  expected  for  finely  divided  mixtures,  where  the 
influence  of  the  kinetic  factors  is  greater,  that  the  dependence  of  u  on  p 
would  be  gre°ter.  There  is  as  yet  no  satisfactory  explanation  why  this  is 
not  observed,  or  is  scarcely  observed,  experimentally. 

On  the  other  hand,  the  differences  in  the  value  of  v  for  finely  divided 
and  coarse  mixtures  with  a  large  excess  of  fuel  are  in  many  ways  more  readily 
understood  (see  the  following  section). 

It  is  necessary  to  deal  separately  with  compositions  with  mixed,  i.e. 
coarse  +  fine,  oxidizer  (section  13).  But  the  burning  rate  of  such  mixtures 
in  all  cases  rises  monotonically  with  increase  in  pressure  and,  moreover,  on 
the  curves  u(p)  tie  re  are  not  infrequently  portions  where  the  value  of 
vmix  is  considerably  higher  or  considerably  lower  than  the  value  of  and 

v  corresponding  to  the  finely  divided  and  coarse  oxidizer  respectively. 

CO 

Thus  for  example  the  following  values  of  v  (close  to  p  =  40  atm)  were 
obtained1^  for  a  gelatinized  NH^CIO^  +  polystyrene  mixture,  a  =  1  (mixture  l) 
ungelatinized  NH^CIO^  +  polystyrene  mixture,  a  =  0.5  (mixture  II) 5  and 
gelatinized  NH^CIO^  +  perspex  mixture,  a  =  1  (mixture  III): 


Mixturo 

I 

II 

III 

V 

co 

0.55 

0.47 

O.41 

vmix 

0.75 

0.57 

0.18 

Vfi 

0.68 

O.56 

0.5k 

These  results  are  ascribed  to  the  fact  that  the  burning  rate  of  composi¬ 
tions  with  mixed  oxidizer  um^x  is  usually  not  the  mean  of  the  burning  rates 
u^  and  ucq  for  the  finely  divided  and  coarse  compositions  respectively 

(see  section  13).  If  at  low  pressure  u  .  is  close  to  u  ,  but  at  high 

mix  co 

pressure  close  to  u».,  then  evidently  v  .  >  and  v  .  >  v  .  In  the 

r  fi*  mix  fi  mix  co 

opposite  case  v  .  will  be  lower  than  and  v  . 

mix  fi  co 

So  far  mixtures  with  vaporizing  components  have  been  considered.  For 
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mixtures  with  non-volatile  fuels,  the  dependence  of  u  on  p  is  greater 
for  coarse  mixtures  and  smaller  for  finely  divided  mixtures  (Table  41). 


TABLE  41 


Effect  of  -particle  size  of  fuel  on  the  value  of  exponent  v  in  the  equation 


u  =  bp'  for  mixtures  of  oxidizer  +  metal 


Mixture 

a 

V 

for  particle  size  of  fuel. 

0.1 

2.7 

19 

160 

340 

550 

20ft  KC10.  +  80ft  W 

4 

-0 

.45 

0.21 

- 

- 

0.55 

- 

10ft  KCIO^  +  90ft  V 

.20 

0.23 

0.20 

0,42 

0.40 

0.37 

%  KC10.  +  95ft  W 

4 

~0 

.10 

“ 

0.20 

- 

- 

0.33 

- 

75ft  Fs203  +  25ft  A1 

~1 

0.078 

i 

L 

0.14 

- 

0.26 

For  the  KC10.  -If  and  Feo0_-Al  mixtures  studied  this  can  be  related  to  the 
4  ; 

mechanisms  transferring  oxidizer  to  the  surface  of  the  fuel  particles  through 
a  layer  of  liquid  residue  (KC1,  Fe  and  others,  see  section  8,B). 


The  oxidizer/fuel  ratio  has  a  marked  effect  on  the  dependence  u(p)  and 

y 

in  particular  on  the  value  of  v  in  the  equation  u  =  bp  ,  Throe  types  of 
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v(a)  curves  were  observed  for  the  mixtures  studied  ,  almost  exclusively  in 
the  range  0  <  a  <  1,  i.e.  for  excess  fuel. 

Type  I  The  magnitude  of  v  increases  with  increase  in  excess  fuel, 
i.e.  with  decrease  in  a.  This  .type  of  v(a)  curve  is  observed  for  very  many 
mixtures  (see  compositions  2  to  5  in  Table  40  and  Fig. 42a).  The  v(a)  curve 
for  coarse  mixtures  and  small  values  of  a  is  located  considerably  below  that 
for  finely  divided  mixtures  (see  data  for  mixtures  2  and  4  in  Table  40). 

Type  II  The  magnitude  of  v  decreases  with  increase  in  excess  fuel. 

This  type  of  curve  is  observed  for  a  finely  divided  mixture  of  NK^CIO^  with 

perspex,  especially  at  high  pressures  (soe  composition  7  in  Tabic  40).  A 

similar  effect  was  observed  for  finely  divided  mixtures  of  NH^CIO^  with 

polyformaldehydo  (PFA)  and  urotropine.  Thus  for  example  in  the  pressure 

175 

range  70  to  IOC  atm  the  following  values  of  v  were  obtained  : 


Cl 

V 

a 

V 

PFA 

Urotropine 

FFA 

Urotropine 

1.0 

0.53 

0.72 

0.50 

0.0 

- 

0.75 

0.57 

- 

0.25 

- 

0.0 

O.65 

~ 

0.80 

Type  III  The  value  of  v  increases  slightly  with  decrease  in  a  and 

then  passes  through  a  maximum  and  begins  to  fall  as  in  Pig. 42b  for  a  KC10^-W 

mixture.  A  maximum  in  the  curve  v(a)  was  also  obtained  for  a  KC10.  - 

4 

graphite  mixture. 

The  dependence  of  the  value  of  v  on  a  is  connected  with  the 
dependence  on  pressure  of  the  shape  of  the  curve  u(a)  and  on  the  position 
of  the  maximum  on  the  curve  u(a). 

(1)  If  the  position  of  u  end  the  form  of  the  curve  u(a)  remain 

max 

unchanged  with  increase  in  pressure  (Fig. 43a) ,  then  the  exponent  v  generally 
does  not  depend  on  a. 

(2)  If  with  increase  in  pressure  umax  is  displaced  in  the  direction 

of  excess  fuel  (a  decreases  with  increase  of  pressure)  (Fig. 43b),  then 
max 

the  value  of  v  increases  with  increase  of  excess  fuel  (cuive  v(a)  type  I). 

(3)  On  the  other  hand  if  is  displaced  with  increase  in  pressure 

towards  the  stoichiometric  value  or  excess  of  oxidizer  (Fig. 43c),  the  value 
of  v  falls  with  decrease  of  a  (curve  v(a)  type  II), 

(4)  If  the  curve  v(a)  becomes  increasingly  steeper  with  increase  in 
pressure  (Fig. 433.) ,  then  v  has  a  maximum  value  (curve  v(a)  type  III). 

In  practice  the  form  of  the  curve  u(a)  and  the  position  of  umax  may 

change  simultaneously.  Some  experimental  data  in  Table  42  show  that  the  form 

of  the  curve  u(a)  is  characterized  by  the  magr-i  tude  u/umax  for  a  given 

value  of  a/au  (the  flatter  the  curve  u(a),  the  more  nearly  u/u 

max  max 

approaches  unity). 

For  mixtures  of  NH^CIO^  with  polystyrene,  polypropylene  and  urotropine 

the  curve  u(a)  becomes  flatter  (u/u  ■*  l)  with  increase  in  pressure, 

m&x 

Consequently  on  the  side  of  excess  fuel  this  leads  to  an  increase  in  v  as  a 
decreases  (curve  v^,a)  typo  i). 
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On  the  other  hand  for  a  gelatinized  mixture  of  finely  divided  NH.CIO4 
with  perspex  the  curve  u(a)  becomes  steeper  as  the  pressure  increases,  i.e. 
u/amax  falls  with  increase  of  pressure.  Consequently  the  value  of  v  falls 
with  increase  in  excess  of  fuel  (curve  v(a)  type  II). 

It  is  found  that  for  the  ungelatinized  NH^ClO^-polys tyrone  mixture 

and  also  for  the  KC10, -dextrin,  KC10.  -urotropinc  mixtures  u  is 

4  ’  4  r  max 

displaced  in  the  direction  of  excess  fuel  with  increase  in  pressure,  con¬ 
sequently  v  increases  as  a  -*  0.  On  the  other  hand  for  a  gelatinized 
mixture  of  finely  divided  NH^CIO^  with  perspex  u^y  is  displaced  in  the 
direction  of  the  stoichiometric  mixture  (from  a  k  0.8  at  p  =  5  to  40  atm  up 
to  a  ss  1  at  p  =  70  to  100  atm).  This  produces  a  reduction  in  v  for 
a  -*  0. 

When  explaining  the  positive  or  negative  sense  of  the  dependence  of  v 
on  a  it  is  useful  to  consider  how  excess  fytel  affects  the  burning  rate  at 
low  and  high  pressures.  If  the  excess  is  large  enough  to  reduce  the  burning 
rate  perceptibly,  and  if  the  burning  rate  is  reduced  to  a  greater  extent  at 
low  pressures  and  to  a  smaller  extent  at  high  pressures,  then  the  value  of  v 
will  increase  for  a  -*  0  (curve  v(a)  type  i) .  This  corresponds  to  a  fuel 
that  is  not  too  volatile,  or  not  very  finely  divided.  At  low  pressures, 
where  the  zone  of  influence  is  wide,  the  excess  of  such  a  fuel  vaporizes 
completely  or  to  a  significant  extent  and  thus  greatly  reduces  the  burning 
rate.  At  high  pressures,  where  the  zone  of  influence  becomes  narrower,  a 
smaller  proportion  of  the  excess  fuel  vaporizes  and  the  burning  rate  is 
reduced  to  a  lesser  extent. 

On  the  other  hand  if  the  fuel  properties  aro  such  that  an  excess  reduces 
the  burning  rate  to  a  lessor  extent  at  low  pressures  and  to  a  greater  extent 
at  high  pressures,  then  the  valuo  of  v  will  fall  for  a  ->  0  (curve  v(a) 
type  II). 

P  EFFECT  OF  INITIAL  TEMPERATURE,  NATURE  OF  COMPONENTS  AND  ADDITIVES  OH 

DEPENDENCE  u(p) 

In  the  literature  there  is  not  much  information  on  these  variables. 

It  is  obvious  that  if  the  burning  rate  increases  tc  a  greater  extent  at 
high  pressures  and  to  c  less  extent  at  low  pressures  with  increase  in  initial 
temperature  or  increase  of  some  additive,  then  the  dependence  u(p)  becomes 
stronger  (v  increases).  On  the  other  hand,  when  tho  burning  rate  increases 
to  a  greater  extent  at  low  pressures  and  to  a  less  extent  at  high  pressures, 
the  dependence  u(p)  becomes  weaker  (v  decreases).  For  additives  which 


178 


decrease  the  burning  rate,  the  dependence  u(p)  becomes  stronger  (v 
increases)  in  those  oases  where  the  additive  is  more  effective  at  low 
pressures  and  is  less  effective  at  high  pressures. 

The  effect  of  initial  temperature  on  the  value  of  v  for  a  composition 
based  on  NH^NO^  (with  (NH^)2Cr20^  as  catalyst)  is  given  in  Ref. 181.  In  this 
case  the  value  of  v  increases  very  slightly  with  increase  in  Tq: 

T  ,  °C  -60  +15.6  +76 

v  0.384  0.388  0.416 

Addition  of  copper  chromite  or  Si02  to  an  NH^ClO^-polyure thane  binder-Al 
composition  increases  v  considerably’' ®5;  for  the  original  composition 
v  ss  0.11,  for  the  composition  with  1%  Si02  v  »  0.31,  and  for  the  composi¬ 
tion  with  copper  chromite  v  sj  0.51 . 

The  initial  temperature  and  additives  have  a  particularly  marked  effect 
in  those  cases  where  there  is  a  plateau  or  especially  if  there  is  a  part  when 
v  <  0  on  the  original  curve  u(p). 

The  burning  of  a  gelatinized  NH,  CIO.  (~5  p)  +  perspex  mixture,  a  =  0.5, 

21^  0  u"  T 

was  studied  •  At  20  C  the  curve  u(p)  for  this  mixture  has  a  maximum  at 
p  a  20  atm  and  burning  is  extinguished  above  40  atm  (Fig. 44-) .  With  an 

increase  in  Tq  to  75°C  the  burning  rate  increases  up  to  ~40  atm,  and  then 
remains  practically  constant  (at  least  up  to  100  atm).  Finally  at  150°C  the 
burning  rate  increases  monotonically  with  increase  of  pressure  over  the  range 

5  to  100  ota  (v5  t0  100  atn  *  0.52). 

A  gelatinized  NH,  CIO.  (~5  u)  +  perspex  mixture,  a  =  0.6,  which  has  a 

a  ne 

maximum  in  the  curve  u(p)  at  ~25  atm  was  modified  0  by  addition  of  a  less 

volatile  fuel  (polystyrene,  wood  charcoal;  or  a  catalyst  (Cu20).  In  each  case 

the  form  of  the  curve  u(p)  changed  significantly;  at  25  to  100  atm  the 

burning  rate  no  longer  decreased  but  increased  (Fig. 45).  A  similar  result 
141 

was  obtained  for  an  addition  of  carbon  black  to  an  NH^CIO^  +  paraformaldehyde 
mixture. 

1  LA  175  1 ft  5 

The  experimental  results  1  *  discussed  are  in  good  agreement  with 

the  concept  (see  section  8,C)  of  the  simultaneous  occurrence  of  homogeneous 

reaction  in  a  mixture  of  vaporization  products  of  NH.  CIO.  and  the  basic  fuel 

4  4 


and  heterogeneous  reaction  at  the  particles  of  the  additive;  the  vaporization 
of  the  polystyrene  is  accompanied  by  the  formation  of  soot  particles. 

The  nature  of  the  components  can  have  a  marked  effect  on  the  burning 
rate  and  the  form  of  the  dependence  u(p) .  However  it  is  still  not  clear  to 
what  extent  this  is  associated  with  the  thermodynamic  parameters  of  a  given 
component  (heat  of  vaporization,  specific  heat,  temperature  transfer 
coefficient,  enthalpy)  and  to  what  extent  with  the  chemical  structure  of  the 
substance  under  investigation.  So  far  these  problems  have  scarcely  been 
investigated. 

Compositions  based  on  KC10.  show  a  much  greater  dependence  u(p)  than 
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compositions  based  on  NH^CIO^.  Thus  it  was  shown  that  for  oxidizer  +  bitumen 
compositions  (a  =  0.75)  the  value  of  v  for  NH^CIO^  is  0.51  to  0*55  &n&  for 

KC10.  ~  0.78. 

4 

E  DEPENDENCE  u(p)  FOR  p  <  1  ATM  ABS 

Experimental  data  for  the  range  p  <  1  atm  abs  are  very  scanty  and 
relate  only  to  mixtures  of  oxidizers  with  organic  fuels,  whereas  there  are 
practically  no  data  on  the  dependence  u(p)  for  pyrotechnic  mixtures,  although 
this  pressure  range  is  their  usual  working  range. 

For  the  systems  oxidizer  -  organic  fuel  at  low  pressures  the  dependence 
u(p)  becomes  considerably  greater  than  at  medium  pressures. 

For  several  such  systems  the  dependence  u(p)  at  p  «  1  atm  abs 
approaches  u  =  bp  (see  Table  43  and  also  Fig.46)*. 
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The  dependence  u  =  bp  (at  p  <  1  atm  abs)  was  also  obtained  '  for  a 
series  of  compositions  with  volatile  components. 
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An  increase  of  v  with  decrease  in  pressure  was  observed  for  systems 
with  volatile  components,  though  v  does  not  increase  up  to  unity,  but  to 
0.70-0.75  (Table  hh) . 

The  strong  dependence  u(p)  for  systems  with  volatile  components  at  low 
pressures  is  usually  ascribed  (as  in  Rofs.195»  197)  to  the  fact  that  under 
these  conditions  the  mixing  of  the  components  is  completed  in  the  preheating 
zone  and  burning  takes  place  in  the  kinetic  regime  (section  8, A),  similar  to 
the  burning  of  homogeneous  volatile  explosives.  It  is  scon  from  section  2,B 
that  in  this  case  v  as  1 . 


*Tho  dependence  u  =  bp  is  characteristic  of  volatile  explosives 
(Table  16). 


at  near  atmospheric  pressures 
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TABLE  44 


/  V\ 

Values  of  exponent  v  (in  formula  u  =  bp  )  at  various  pressures 
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for  NH^ClO^-polyester  composition 


V 

% 

NH,  CIO,/ 
4  4 

4  »  n 

0.2 

0.4 

0.7 

1.0 

2.0 

4.0 

7.0 

10 

% 

binder 

ox 

atm 

atm 

atm 

atm 

atm 

atm 

atm 

atm 

abs 

abs 

abs 

abs 

abs 

abs 

abs 

abs 

75/25 

40.6 

0.7 

0.7 

0.69 

0.68 

0.67 

0.60 

0.48 

0.40 

70/30 

40.6 

0.7 

0.7 

0.66 

O.64 

O.63 

0.47 

0.43 

0.42 

75/25 

75 

0.72 

0.67 

O.65 

O.64 

O.64 

0.59 

0.51 

0.47 

70/30 

75 

0.75 

0.68 

0.66 

0.66 

0.66 

0.54 

0.3 

0.27 

70/30 
_ i 

120 

i 

0.7 

0.7 

0.69 

0.68 

O.64  j 

0.58 

0.56 

O.56 

However,  this  point  of  view  is  not  in  complete  agreement  with  experiment. 

In  particular,  the  concept  of  the  complete  mixing  of  the  components  in  the 

preheating  zone  is  not  in  agreement  with  the  fact  that  during  burning  in  a 

vacuum  the  extent  of  combustion  decreases  and  the  probability  of  dispersion 
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increases.  It  was  shown  that  for  stoichiometric  mixtures  of  KCIO.  +  Zr  and 

-2  ^ 

KCIO^  +  W  at  p  x  10  mmllg  the  extent  of  combustion  of  the  metal  amounts  to 

~7%  for  Zr  and  ~12%  for  W. 

In  addition,  the  concepts  discussed  predict  that  the  following  law  should 
be  observed:  as  the  particle  size  of  the  components  is  increased,  the  pressure 
(or  more  accurately  the  burning  rate)  should  decrease,  and  consequently  the 
dependence  u(p)  should  become  large.  However,  this  law  is  not  observed 
experimentally  (see  Table  44). 

F  DEPENDENCE  u(p)  AT  VERY  HIGH  PRESSURES 

The  dependence  u(p)  in  this  range  has  been  studied  only  in  a  constant 
pressure  bomb^  at  p  ^  1000  atm  and  in  a  variable  pressure  bomb^at  p  5  4000 
atm.  These  experiments  showed  that  the  dependence  u(p)  at  very  high 
pressures  can  bo  essentially  different  from  that  at  p  £  ICO  to  200  atm 
(Fig. 47) : 

(a)  For  mixtures  1,  2,  7  (Fig. 47)  the  dependence  u(p)  in  tho  range 
p  k  300  to  1000  atm  becomes  considerably  greater  than  in  the  range  p  $  100 
to  200  atm. 
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(b)  For  mixtures  1,  2,  3,  7  (in  the  range  200  to  1000  atm)  and  also  for 
mixture  4  (in  the  range  1000  to  4000  atm)  the  dependence  u(p)  becomes  almost 
one  of  direct  proportion. 

(c)  For  mixtures  5>  7  and  especially  6  at  sufficiently  high  pressures 
the  dependence  u(p)  becomes  considerably  less. 

For  mixture  7  the  form  of  the  dependence  u(p)  may  be  followed  over  a 
very  wide  range  of  pressures:  from  ~0«5  atm  abs  to  4000  atm  (Fig. 48) • 

The  curve  in  this  case  shows  four  distinct  portions;  the  dependence 
u(p)  is  linear*  at  low  pressures  (<  1  atm  abs;.  portion  l)  and  at  high 
pressures  (600  to  2000  atm;  portion  3)»  but  it  is  slightly  curved  at  medium 
pressures  (portion  2)  and  at  ultra-high  pressures  (portion  4-).  The  available 
data  at  high  and  ultra-high  pressures  are  vejy  sparse  at  present,  but  they  are 
nevertheless  of  great  theoretical  interest. 

The  decrease  in  the  dependence  u(p)  at. high  pressures  is  more  easily 
understood.  The  increase  in  the  burning  rate  with  increase  in  pressure  is 
connected  with  the  increase  in  the  reaction  rate  in  the  kinetic  zone  close  to 
the  ’tips’  of  the  flame  (see  sections  9,  10).  Consequently  as  the  pressure 
increases,  the  reaction  zone  approaches  closer  and  closer  to  the  very  point  of 
the  ’tip*  of  the  flame,  and  this  results  in  an  increase  in  the  lateral  removal 
of  heat  used  to  heat  that  portion  of  the  components  which  reacts  outside  the 
zone  of  influence.  Thus,  at  sufficiently  high  pressures,  tho  dependence 
u(p)  must  become  less. 

Merely  qualitative  expressions  and  such  sparse  experimental  data  are 
insufficient  to  confirm  that  the  dependence  u(p)  is  less  at  several  thousands 
of  atmospheres  and  that  the  mechanism  discussed  is  correct. 

It  is  more  difficult  to  explain  why  the  dependence  u(p)  in  the  transi¬ 
tion  from  medium  to  high**  pressures  becomes  more  pronounced  for  a  series  of 
mixtures  (but  not  for  all  of  them) , 


♦The  slope  of  the  straight  line  u(p)  at  low  pressures  is  considerably 

greater  than  at  high  pressures;  tho  value  of  b  in  equation  u  =  bp  is 

-1  -1  -1  -1 
~0,78  mm  sec  atm  at  low  pressures  and~0,115  mm  sec  atm  at  high 

pressures. 

**0nly  tho  case  of  mixtures  of  the  NH.  CIO.  (or  NH. NO,)  -  trotyl  (TNT)  type 

h-  4  4  D 

seems  comparatively  oasy  to  explain,  whore  both  components  aro  capable  of  self- 
sustained  combustion  and  for  both  the  dependence  u(p)  is  close  to  linear  in 
the  high  prossuro  range. 


16  DEPENDENCE  OP  BURNING-  RATE  ON  INITIAL  TEMPERATURE 


The  burning  rate  of  condensed  mixtures  increases  monotonically  with 
increase  in  the  initial  temperature  Tq  in  the  same  way  a 8  the  burning  rate 
of  homogeneous  gas  mixtures  (see  section  1,D)  and  volatile  explosives  (see 
section  2,C).  Consequently  the  shape  of  the  curve  u(Tq)  is  simpler  than 
those  of  the  curves  u(p)  and  u(d). 

The  dependence  u(Tq)  may  be  characterised  (as  in  section  1,D  and 
section  2,C)  using  the  temperature  coefficient 


„  1  du  d  In  u  d  In  in  ,  -1 

P  =  u  dT  8  ~*dT  *  “df~  des  * 

0  0  0 

Thus  if  T  is  increased  by  one  degree  and  the  burning  rate  increases 
0  -2  -1 

by  one  per  cent,  tb3n  <3  =  10  deg  and  so  on.  If  for  a  temperature  range 
Tq2  to  the  experimental  points  in  the  coordinates  In  u,  Tq  are  grouped 

with  sufficient  accuracy  around  a  straight  line,  then  for  this  range 
P  =  constant  =  tan  <f>  =  (in  u2/u1)/(Tq2  -  T^),  where  <p  is  the  angle  of  the 
slope  of  this  line  with  the  axis  of  I  .  If  the  rango  of  Tq  is  too  wide, 

then  it  may  be  divided  into  several  parts  and  the  value  of  p  determined  for 

each  part. 

It  was  shown  in  section  1,D  that  for  gas  mixtures  the  value  of  p  falls 
with  increase  of  Tq.  On  the  other  hand,  for  nitroglycorine  powder  (see 
section  5)  P  was  observed  to  increase  with  Tq,  particularly  over  the 
interval  0  to  40°C.  For  condensed  mixtures,  it  is  often  possible  over  a 
quite  wide  range  of  Tq  to  take  p  »  constant  (Fig. 49).  However  for  some 
mixtures  p  increases  sharply  with  Increase  of  Tq  (see  Fig. 50  and  Table  45)* 

The  temperature  coefficient  can  also  depend  on  pressure.  In  chapter  I 

it  was  shown  that  for  volatile  explosives,  and  also  for  nitroglycerine  powder, 

a  significant  decrease  of  p  is  observed  with  increase  of  pressure;  thus, 

45 

for  example,  for  nitroglycorino  powder  the  value  of  p  decreases  on 

increasing  the  pressure  from  10  to  45  atm  by  a  factor  of  three  -  from  12.  10  ^ 
~3  -1 

to  4*  10  dog  •  The  relationship  p(p)  for  condensed  mixtures  has  been 
investigated  for  only  a  few  mixtures.  Usually  p  falls  slightly  with 
increase  of  pressure.  Thus,  for  example,  for  a  KH^CIO^  (~10  fi)  +  bitumon 
mixture  (a  =  1 ) , 
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0 


1  atm  abs 


=  1.7.  10  3  deg  ^  and  (3, 


22.5  atm  abs 


-3  -1 

10  ^  deg 


were  obtained^  for  the  range  20  to  90°C.  In  a  few  cases  the  decrease  in  g 
with  increase  of  pressure  is  significant  (see  mixtures  1  and  2  of  Table  46). 


TABLE  45 
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The  dependence  u(Tp)  for  the  composition  NH^NO^  +  organic  binder 


ATq,  °C 

g  .  103,  deg 

1 

p  =  28  atm 

p  =  42  atm 

p  =  56  atm 

p  =  140  atm 

-60  to  +15.6 

2.53 

2.47 

2.52 

2.44 

2.41 

15.6  to  76 

3.0 

3.01 

3.35 

3.73 

3.73 

Note:  The  composition  examined  contained  72.79%  NH^NO^,  9.79%  polyester 
resin  (Genpol  A-20),  12.22%  methacrylate,  2,22%  styrene,  1.99% 

(NH^) gCr^O^  and  1%  other  additives.  The  value  of  g  was  calculated 
(by  us)  from  the  experimental  points  of  the  curve  u(Tq) . 


TABLE  4 6 


The  value  of  g  for  various  mixtures  at  different  pressures 


165 


Mixture 

Components 

p.103, 

deg  1 

No. 

1  atm 

5  atm 

10  atm 

20  atm 

1 

KCIO^  (~10  p) 

+  W  (~3  fi) 
a  =  1.78 

4.43 

(20  to  400°) 

3.4 

(20  to  200°) 

2.5 

(20  to  200°) 

2.3 

(20  to  200°) 

2 

85%  KN03  +  15% 

wood  charcoal 

5.0 

(20  to  300°) 

- 

3.1 

(20  to  250°) 

- 

3 

\ 

Black  powder 

DRP-3 

1.4 

(50  to  300°) 

2.8 

(2-  to  225°) 

“ 

Note:  Values  in  brackets  (  )  =  range  ATq  in  deg  C. 
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However,  cases  are  also  possible  where  the  temperature  coefficient 
can  increase  with  increase  of  pressure  (see  mixture  3  of  Table  and  also 
the  dependence  {3 (p)  over  the  interval  1p»6  to  76°C  in  Table  45) • 

The  existence  of  the  dependence  of  the  temperature  coefficient  on  initial 
temperature  and  pressure  makes  it  difficult  to  compare  the  values  of  p  for 
different  systems,  since  the  experimental  data  are  often  related  to  different 
ranges  of  initial  temperature  and  different  pressures.  Fortunately,  for 
systems  with  organic  fuels  the  dependence  p(p)  at  p  >  1  atm  is  slight, 
although  some  data  at  p  <  1  atm  abs  show  that  the  value  of  p  can  increase 
significantly  as  the  pressure  is  reduced. 

A  ORDER  OF  MAGNITUDE  OF  THE  TEMPERATURE  COEFFICIENT 

It  has  been  shown  that,  at  atmospheric  pressure  for  homogeneous  mixtures 

of  fuel  gases  with  air,  the  magnitude  of  p  usually  lies  within  the  range 

(1  to  2)  10  ^  deg  ^  (see  Table  9),  for  volatile  explosives  between  (3  to  7) 

10  ^  deg  ^  (see  Table  17)  and.  for  nitroglycerine  powder  between  (2  to  16) 

**~5  —1 

10  J  deg  (depending  on  the  range  of  Tq). 

-3  -1 

For  condensod  mixtures  the  order  of  magnitude*  of  p  is  also  10  deg  . 

For  mixtures  with  organic  fuels  with  a  composition  not  too  far  from  the 

stoichiometric,  the  value  of  p  for  finely  divided  mixtures  usually  lies 

•"3  **1  -3 

between  (1  to  2)  10  J  deg  ,  and  for  coarse  mixtures  between  (2  to  3)  10  J 

deg  \ 

Thus  the  temperature  coefficient  for  raixtuios  with  organic  fuels  lies 

in  the  same  range  as  that  for  gas  mixtures  and  is  significantly  lower  than  the 

temperature  coefficient  for  ballistite  powders.  Only  for  very  largo  excess 

of  fuel  does  the  value  of  p  for  systems  of  mixtures  rise  sharply  from  3*10  ^ 
-3  -i 

to  7.10  deg  ■;  see  B  below. 

For  mixtures  with  metals  and  wood  charcoal  which  are  not  far  from  the 
stoichiometric,  the  value  of  p  lies  within  the  range  (0.5  to  5)  10  J  deg  . 


*Measuromont  of  the  tomperature  coefficient  for  condensed  mixtures  and 
particularly  coarse  ones  is  experimentally  very  difficult  on  account  of  its 
small  value.  Measurement  of  the  value  of  a  temperature  coefficient  near  to 
”3  -1 

1-10  dog  .  to  an  accuracy  of  2C fc,  requires  determination  of  the  burning 
rates  at  tomperature  T^  and  T^  =  T^  +  100°C,  for  example,  to  an  accuracy 

of  ~1$,  which  is  close  to  the  limits  of  accuracy  of  existing  methods  of 
measuring  burning  rate. 
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The  suggestion  has  "been  made  that  the  value  of  (3  increases  with  increase 
in  the  boiling  point  of  the  metal.  Thus,  for  stoichiometric  mixtures  based 
on  Fe2^,  Following  results  v/ere  obtained  over  the  range  20  to  400  C: 


Metal 

Hg 

A1 

B 

T,  boiling  point  of  metal,  °C 

1100 

~2300 

~2500 

0.  103,  deg"1 

C.7 

2.2 

3.4 

The  data  for  black  powder  will  be  examined  in  section  20. 

B  EFFECT  OF  OXXD'iZSPyFUEL  RATIO  ON  VALUE  OF  6 

This  question  has  been  studied  in  comparative  detail  only  for  mixtures 
with  organic  fuels. 

2l6 

A  clear  relationship  was  established  for  these^  :  the  curve  (3(a)  has 
a  minimum  which  approximately  coincides  with  the  position  of  the  maximum  burn¬ 
ing  rate  (see  Tables  47  and  J+8,  and  Fig. 51 )  •  On  both  sides  of  the  minimum 
the  temperature  coefficient  increases  substantially. 


TABLE  47 


Dependence  0(a)  for  NH^CIO^  +  polystyrene  mixtures 

p  =  40  atm  AT  =  15  to  140°  C 
o 


4«»  ** 

df»  v 

a 

2.0 

1.5 

1.0 

0.63 

0.50 

0.35 

0.20 

~10 

Gelatinized 

mixturo 

0 .  103,  deg"1 

4.2 

4*4 

2.0 

2.0 

10* 

3.0 

8.3 

u1goc,  mm/sec 

10.5 

13.5 

20.2 

. 

03 

2^ 

16.7 

5.3 

<  100 

0. 103,  deg"1 

3.5 

4.4 

1.8 

- 

1.2 

- 

3.4 

u^Og,  mny/sec 

- 

6.9 

9.0 

- 

11.6 

- 

7.5 

140-3^0 

<  100 

0.  103,  deg"1 

2.6 

3.2 

2.6 

- 

1.8 

- 

4.1 

U15°C’  ™/sec 

5.6 

5.8 

6.3 

- 

6.5 

- 

4.9 

j _ I 


^The  maximum  value  is  underlined 
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TABLE  48 

Temperature  coefficient  for  a  mixture  of  KH^CIO^  +  polyester  binder 


151 


p  =  1  atm  aba 


d  ,  u 
ox’  r 

fa  oxidizer/%  binder 

80/20 

75/25 

70/30 

65/35 

--40 

£ .  103,  deg  1 

1.2 

(27-1 47 °C) 

1.8 

(27-1 57°C) 

1.5 

(27-1 67°C) 

2.3 

(97-l57°C) 

u^Op,  mm/sec 

1.1 

1.03 

0.98 

0.76 

75 

P .  105,  deg”1 

1.7 

(27-1 77°C) 

1.7 

(37-l67°C) 

2.0 

(37-207°c) 

2.7 

(77-187°c) 

u2o°c*  “Vs80 

I.05  ■ 

0.94 

O.85 

0.64 

Note :  If  the  empirical  composition  of  the  binder  is  taken  as  CgH^O,  then 

the  oxidizer/fuel  ratios  80/20,  75/25,  70/30  and  65/35  correspond  to 
the  values  a  k  0.75  ,  0.56  ,  0.2*4  and  0.35  respectively. 


C  EFFECT  OF  PARTICLE  SIZE  OF  COMPONENTS  ON  VALUE  OF  B 

For  mixtures  with  organic  fuels  with  near  stoichiometric  compositions, 
the  temperature  coefficient  increases  with  increase  of  the  particle  size  of 
the  oxidizer  (Table  49) • 


TABLE  49 

Dependence  p(dQx)  for  a  series  of  stoichiometric  mixtures 


Mixture 

dox’  ^ 

0  .  10^,  deg  1 

HI 

O 

O 

O 

p,  atm 

NH^C10^-b itume  n 

~10 

1.4 

20  to  90 

M800 

2.6 

15  to  100 

22.5 

KC10. -bitumen 

if 

MO 

1.4 

-40  to  +70 

M800 

5.0 

20  to  90 

NH^ClO^-polystyrene  (<  100  (j) 

MO 

1.8 

15  to  135 

40 

(ungelatinized  mixture) 

140  to  320 

2.6 

15  to  164 

NH^ClO^-perspex 

1.2 

15  to  170 

10 

(gelatinized  mixture) 

100  to  140 

2.6 

15  to  180 
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On  the  other  hand  the  values  of  p^  and  pc^  can  approach  one  another 
for  a  sufficiently  large  excess  of  fuel  or  oxidizer  and  moreover  p^  can 
exceed  Pcq.  Thus  the  results  obtained  for  an  ungelatinized  NH^CIO^  +  poly¬ 
styrene  (<100  |i)  mixture  (see  Table  47)  were: 


a  2  1.5  1.0  0.5  0.2 

Pcc/Pfi  0.74  0.73  1.45  1*50  1.20 

A  similar  conclusion  may  be  drawn  from  the  data  of  Table  48. 

If  mixtures  with  non-volatile  fuels  are  considered,  no  dependence  of  p 

on  the  particle  size  of  the  tungsten  for  a  W  +  KC10.  mixture  (a  =  0.76)  at 
165 

1  atm  abs  was  found  for  d  ss  3>  40  to  100  and  140  to  400  fi  the  value  of 

w 

p  in  the  range  20  to  500  C  within  the  limits  of  the  scatter  of  the  results 

-3  -1 

remained  constant  and  equal  to  ~3.1  »  10  deg  . 

*  *  * 

In  conclusion,  the  explanation  for  the  experimental  data  discussed  will 
be  considered  briefly. 

The  basic  idea  is  that  the  value  of  the  temperature  coefficient  p  i3 

determined  by  the  effective  temperature  T0^  =  Tq  in  the  controlling  reaction 

zone;  if  T  is  high,  then  p  is  small  and  conversely  if  T  is  low  then 
c  c 

P  is  large^5>47.  This  is  reflected  in  equation  (7),  P  =  E/2R1-, 

c 

For  coarse  mixtures,  whose  composition  is  not  far  from  stoichiometric, 

the  main  part  of  the  heat  evolved  in  the  zone  of  influence  is  used  to  heat  the 

particles  reacting  a  long  way  from  the  zone  of  influence.  Thei’efore  the 

value  of  T  is  lower  and  the  temperature  coefficient  correspondingly  higher 
c 

for  coarse  mixtures  than  for  finely  divided  mixtures. 

However,  the  difference  in  the  values  of  T  for  coarse  and  for  finely 
*  c 

divided  mixtures  is  smoothed  out  with  an  increase  in  the  excess  of  one  of  the 
components,  since  in  the  zone  of  influence  a  smaller  fraction  of  the  excoss 
component  is  able  to  vaporize  for  the  coarse  mixture  than  for  the  finely 
divided  mixture.  Consequently  the  values  of  p^^  and  p^  approach  one 
another  and  for  a  sufficiently  large  excoss  of  one  component  it  is  possible 
that  Pco  <  Pfi* 
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The  dependence  j3(a)  is  now  considered.  The  maximum  of  the  equilibrium 

temperature  of  combustion  Tq  is  close  to  a  =  1,  although  some  deviation 

from  a  =  1  may  be  related  to  the  dissociation  of  the  combustion  products. 

For  finely  divided  mixtures  with  volatile  components  the  value  of  T  is  close 

c 

to  T  .  Therefore  the  positions  of  u  =  f(T  )  ,  S  .  and  (T  ) 

o  max  e  max’  'min  e'max 

coincide  and  are  close  to  a  =  1  as  in  Fig. 52  for  a  finely  divided  NH. CIO  + 

4 

polyformaldehyde  mixture* 

However  for  NH^CIO^  +  polystyrene  mixtures  the  vaporization  of  the  fuel 
lags  behind  the  vaporization  of  the  oxidizer  and  is  accompanied  by  the  forma¬ 
tion  of  carbon  black.  The  burning  of  the  carbon  black  particles  takes  place 
relatively  slowly  and  cannot  be  completed  within  the  boundary  of  the  zone  of 
influence.  It  i3  necessary  to  have  a  sufficient  excess  of  fuel  in  the 
original  mixture  to  ensure  that  the  mixture  reacting  in  the  z^ne  of  influence 
does  not  contain  excess  oxidizer.  Therefore  for  NH^CIO^  +•  polystyrene 
mixtures  =  f(Tc)max  and  £  ^  are  in  the  region  corresponding  to 

considerable  excess  of  fuel  (a  s;  0.5)  and  do  not  coincide  with  (T  ) 

e'max 

The  slight  dependence  of  the  temperature  coefficient  on  pressure  (at 
p  >  1  atm  abs)  obviously  shows  that  complete  combustion  is  achieved  at  low 
pressures  for  systems  of  mixtures  and  a  further  increase  of  pressure  has  little 
effect  on  the  value  of  Tc .  However  there  an  cases  where  (3  increases  with 
increase  of  pressure.  That  shown  in  Fig. 44  where  the  burning  rate  falls  with 

increase  in  pressure  at  ordinary  temperatures  can  be  understood  relatively 
easily  by  the  decrease  in  T  caused  by  an  unfe.vourable  change  in  the  mixture 
ratio  in  the  zone  of  influence,  and  also  by  the  increase  in  the  role  of  heat 
losses,  etc.  Obviously  |3  will  increase  with  increase  in  pressure  in  this 
oase . 

17  EFFECT  OF  CATALYTIC  ADDITIVES 

The  burning  rate  of  condensed  mixtures  can  bo  changed  in  the  same  way  as 
tor  gaseous  mixtures  by  introducing  small  amounts,  not  more  than  a  few  per  cent, 
of  additives. 

Since  the  action  of  such  additives  on  the  burning  rate  is  not  explained 
in  most  cases  by  their  effect  on  the  heat  of  combustion,  because  many  additivos 
which  increase  the  burning  rate  lower  the  heat  of  combustion,  it  is  customary 
to  call  them  catalysts.  However  it  is  not  dear  whether  they  are  catalysts 
in  the  precise  meaning  of  the  word. 
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The  data  available  in  the  literature,  which  are  exceedingly  sparse,  show 
that  additions  of  catalyst  can  change  the  burning  rates  of  condensed  mixtures 
by  not  more  than  a  factor  of  two  or  three.  This  is  considerably  less  than 
for  gaseous  mixtures,  where  introduction  of  1-2%  of  additives  can  change  the 
burning  rate  by  a  factor  of  5  to  10  (see  Tables  10  and  1l). 

Thus  the  effect  of  catalytic  additives  on  the  burning  rate  is  very  muoh 
less  Uian  the  effect  of  catalysts  on  the  rate  of  chemical  reactions  at  low  and 
moderate  temperatures,  where  catalysts  can  change  the  rate  by  many  orders  of 
magnitude  and  tens  of  orders  of  magnitude.  This  is  related  to  the  general 
principle  which  states  that  it  becomes  increasingly  difficult  to  change  the 
rate  of  a  reaction  as  the  temperature  at  which  the  reaction  takes  place  is 
raised. 

Nevertheless  catalytic  additives  can  play  an  important  role  in  combus¬ 
tion,  and  systems  based  on  NH^NO^  are  not,  in  general,  used  without  catalysts 
because  burning  is  not  sufficiently  stable.  Moreover  at  ordinary  tempera¬ 
tures  pure  NH^CIO^  and  NH^NO^  can  bum  only  at  an  elevated  pressure  (NH^CIO^ 
at  p  >  30-40  atm  and  NH^NO^  at  a  considerably  higher  pressure)*.  Additions 
of  catalyst  enable  NH^CIO^  and  NH^NO^  to  burn  even  at  atmospheric  pressure. 

First,  the  data  available  in  the  literature  on  catalytic  additions  to 
systems  based  on  NH. NO,  are  considered.  In  most  cases  2-3%  ammonium 

J  180  181 

bichromate,  (NH^gCrgO^,  is  used  as  the  catalyst  *  .  The  most  efficient 

1  82 

catalysts  are  stated  to  bo  KgCrO^  and  (NH^)2CrQ0^.  The  high  efficiency 

1 8^ 

of  KgCrO^  has  been  confirmed  ,  although  (NH^JgCr^  was  found  to  bo 
considerably  less  effective  (Table  50),  but  the  investigations  in  Ref. 183 
were  carried  out  at  1  atm  abs,  whereas  those  in  Rofs.180  and  181  relate  to  a 
pressure  range  c  '  30  to  300  atm.  The  action  of  Cr20^  was  also  studied^^*^^, 
but  it  was  found  that  (N^^2^r2^7  ^ias  a  muc^  stronger  effect  than  the  equiva¬ 
lent  concentration  of  Cro0_. 

^  3 


2*7 

♦NH^NO^  burns  in  a  manometric  bomb  at  p  >  130  atm  . 

possible  to  attain  stable  burning  of  NH.NO,  at  p  <c  1000  atm 
pressure  bomb.  ^  ^ 


It  was  not 
in  a  constant 


TABLE  50 


Burning  rate  of  mixture  NK^NO^  +  iCffa  additive  at  atmospheric  pressure 
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Additive 

- - 

Relative 
density  of 
charge ,  6 

u,  xm/sec 

-2  -1 

m,  gm  cm  sec 

0.5 

1.73 

0.086 

K2Cr2°7 

0.5 

1.33 

0.066 

Na2Cr20_, .  2H20 

0.6 

0.8  3 

0.05 

^\^2Cr2°7 

0.5 

0.32 

0.016 

0.5 

0.23 

0.012 

Evaluation  of  the  relative  efficacy  of  additives  is  made  difficult, 
since  in  Refs. 108,  180-183  the  burning  rate  is  not  given  for  the  same  systems 
without  additives.  However,  these  data  cannot  be  obtained  at  low  temperatures, 
since  mixtures  based  on  NH^NQ^  and  especially  pure  NH^NO^  will  not  burn  under 
these  conditions. 

18/i. 

Exceptions  in  this  respect  are  the  data  on  the  effect  of  additions  of 
some  surface-active  substances  on  the  burning  rate  of  a  composition  based  on 
NH^N0_.  Thus  for  example  the  results  obtained  for  3odium  dinaphthylmethane- 
disulphonete  were: 


Additive,  % 

0 

.  0.1 

1.0 

2.0 

3.0 

V50  atm*  m'/sso 

0.97 

1.17 

1.50 

.  1.58 

1.57 

„  Uv4th  additive 

1,20 

1.55 

1.63 

1.62 

uwithout  additive 


Additives  used  for  accelerating  the  burning  rate  of  NH^CIO^  and  composi¬ 
tions  based  on  it  are:  CuO  (Ref. 120),  copper  chromite  (855&  CuO  +  15?o  Cr rpy 
(Refs. 120,  185,  187),  CUgO  (Refs.173,  175),  Fe^  (l;0f.12O),  Si02  (Ref.185), 
CUgClg  (Ref. 186),  etc,  and  for  retarding  the  burning  rate  LiP  (Refs.185,  I87) 
is  used. 
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The  burning  rate  of  NH. CIO. -fuel  mixtures  with  1-2$  additive  could  be 

4  «* 

changed  by  not  more  than  1.5  to  2  times.  The  burning  of  pure  NH^CIO^  is 
greatly  affected  by  the  action  of  additives;  it  is  possible  to  change  its 
burning  rate  up  to  3  to  4  times  with  2-5$  additive. 

The  literature  data  enable  certain  conclusions  to  be  reached  regarding 
the  effect  of  catalytic  additives. 

(1)  The  effect  of  the  additives  is  intensified  by  reducing  the  oxidizer 
particle  size.  Thus  the  composition  76$  NH^CIO^  +  22$  binder  was  studied'  ; 
for  dQx  ss  15  and  »  80  |i  the  respective  burning  rates  at  p  =  1 4-  atm  were 
8.4  and  ~4*2  mn/sec.  Addition  of  1$  copper  chromite  increased  the  burning 
rate  (at  14  atm)  of  the  finely  divided  composition  1.67  times  and  of  the 
coarse  composition  1.58  times.  Addition  of  1$  lithium  fluoride  reduce  the 
burning  rate  of  the  finely  divided  composition  1.7  times  and  of  the  coarse 
composition  only  1.23  times. 

(2)  The  effect  of  an  additive  is  intensified  by  increasing  the 

percentage  of  additive  (within  limits  of  2  to  5$).  Thus  the  results 
185 

obtained  for  a  composition  with  70$  NH^CIO^  *  P°lyes tan-urethane 
binder  +  5$  A1  were: 


L1F,  % 

0 

0.5 

1.0 

1.5 

2.0 

u56  atm*  “/aeC 

5.8 

5.17 

4.52 

3»92 

3.28 

z 

- 

0.89 

0.78 

0.68 

0.57 

>irailar  results  for  the  addition  of  copper  chromite  are  given  in  Ref. 120 
(Table  51 )  and  in  Ref. 187  (Table  52). 

(3)  The  efficacy- of  the  additives  depends  on  the  pressure.  For  copper 
chromite  and  silica  dioxide  the  effect  becomes  more  marked  as  the  pressure  is 
increased  (se.e  Tables  5,1  >  52). 


TABLE  51 

Influence  of  pressure  on  the  efficacy  of  catalysts 
on  burning  rate  of  pure  NH^CIO^  (Ref, 120) 


Catalyst 

Pressure,  atm 

50 

60 

70 

80 

90 

100 

150 

No  catalyst 

u,  mn/sec 

Hj 

D 

m 

8.9 

9.5 

10.2 

12.3 

3%  copper  chromite 

u,  mm/sec 

11.1 

17.1 

23.2 

27.4 

30.7 

33.6 

43.6 

Z* 

1.76 

2.36 

2.83 

3.08 

m 

3.30 

3.55 

5£&  oopper  chromite 

u,  mm/seo 

22.2 

26.1 

_ 

30 

32.8 

35.2 

38 

_ _ _ 

A6.8 

Z* 

3.52 

IlijB 

3.68 

3.71 

Note:  The  numerical  data  are  taken  from  graphs . 
^  ”  Uwith  catalyst/Sdthout  catalyst. 


TABLE  52 


Influence  of  pressure  on  the  efficacy  of  catalysts 

on  burning  rate  of  composition 

NH,  CIO, -polyurethane  binder -Al  (Ref.185) 

_ y-  *+ 


Catalyst 

Pressure,  atm 

49 

56 

63 

70 

No  catalyst 

u,  mn/sec 

5.14 

5.19 

If*  oopper  chromite 

u,  mm/sec 

6.49 

6.86 

7.32 

7.75 

Z* 

1.26 

1.32 

1.39 

1.45 

1 %  SiO 

u,  mm/sec 

0  * 

•/° 

Note :  The  numerical  data  are  taken  from  graphs. 


u  ~  Uwith  catalyst/ Uwithc>ut  catalyst. 


194 


18  BURNING  IN  SYSTEMS  CONSISTING-  OF  PLANS  OR  CYLINDRICAL  LAYERS  OF  FUEL 

AND  OXIDIZER 

Experiments  have  shown  *  *  that  combustion  can  be  achieved  in  e 

system  consisting  of  layers  of  aiy  thickness  of  fuel  and  oxidizer*  in  contact 
with  one  another  (layer  system). 

Various  methods  of  manufacturing  charges  have  been  used  depending  on  the 
properties  of  the  components.  Nhen  an  organic  polymer  with  satisfactory 
mechanical  properties  was  used  as  the  fuel,  it  was  formed  into  a  flat  layer, 
or  cylindrical  tube  into  which  the  oxidizer  was  pressed.  In  other  investiga¬ 
tions  a  pellet  was  first  formed  by  pressing  and  then  the  fuel  in  powder  form 
was  pressed  at  a  low  pressure  into  a  hole  drilled  in  the  pellet.  If  both 
components  were  in  powder  form  and  the  experiments  were  to  be  carried  out  at 
low  densities  the  components  were  poured  into  a  mould  provided  with  a  fine 
membrane,  such  as  tracing  cloth,  which  separated  the  components  during  the 
preparation  of  the  charge  and  was  then  removed. 

The  charge  was  ignited  at  the  upper  end  simultaneously  along  the  whole 
length  of  the  boundary  of  contact  by  means  of  a  coil  cf  nichrome  wire  in  the 
experiments  with  organic  fuels  or  by  means  of  an  igniter  compound  in  the 
experiments  with  metal  powders. 

A  flame  was  propagated  from  above  down  the  surface  of  contact  of  the 
components.  Wedge  shaped  indentations  were  formed  in  the  fuel  and  oxidizer 
layers,  inside  which  the  combustion  zone  was  looated,  and  these  moved  along 


1 2L  127  1 66 

*In  the  i  ‘mental  investigations  *  *  and  the  theoretical 

5 

investigations  the  case  where  each  of  the  components  was  incapable  of 

sustaining  combusbion  independently  was  investigated.  The  burning  of  NH^CIO^ 

in  a  perspex  tube  was  examined  in  Ref. 121.  In  this  case  the  oxidizer  was 

capable  of  self-sustained  burning  over  a  certain  pressure  range.  It  is  shown 
in  section  19  that  in  this  case  the  diffusion  flame  on  the  surface  of  contact 
of  the  fuel  and  oxidizer  greatly  extends  the  range  of  stable  burning. 
Experiments  have  shown,  however,  that  in  the  pressure  range  where  the  burning 
of  NH^CIO^  is  stable  in  an  inert  casing  the  use  of  a  fuel  casing  changes  the 

burning  rate  slightly.  It  is,  therefore,  really  the  burning  of  pure  NH.C10, 

*T*  T* 

in  the  presence  of  a  'pilot'  flame  at  the  edges  of  the  charge. 
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with  the  flame.  The  velocity  of  propagation  of  the  flame  along  the  surface 
of  contact  of  the  components  u  attained  a  stationary  value  quite  rapidly*. 

The  form  of  the  indentation  during  burning  was  very  sharply  defined  for 
those  components  such  as  perspex  which  do  not  melt  before  vaporizing  and  do 
not  form  a  condensed  residue.  On  the  other  hand,  the  shape  of  the  indentation 
was  distorted  by  the  presence  of  a  condensed  residue  for  such  components  as 
KC1CX  ,  KCIO^,  BaO^  and  KMnO^.  Thus  the  burning  of  systems  with  KCIO^  and 
KCIO^  is  accompanied  by  the  formation  of  large  liquid  drops  of  KC1;  from  time 
to  time  the  drops  are  ejected  by  the  flow  of  gas  and  new  ones  are  formed  in 
their  place.  The  burning  of  systems  with  BaOg  and  KMnO^  is  accompanied  by 
the  formation  of  a  solid  porous  slag  with  a  volume  close  to  that  of  the 
original  oxidizer. 

The  burning  rate  along  the  surface  of  contact  in  the  case  of  layers  of 

1  PA  i  27 

transparent  fuels  was  measured  by  means  of  a  photorecorder  ’  and  in  the 

case  of  layers  of  opaque  components  by  means  of  ionization  gauges  or  fine 

quartz  fixaments  acting  as  light  conductors  leading  out  from  the  surface  of 
166 

contact  . 

A  LIMITING  CONDITIONS  FOR  BURNING 

The  limiting  conditions  for  burning  along  the  surface  of  contact  of  the 
components  can  be  quite  sharply  defined.  Thus  in  perspex  tubes  it  was  not 
possible  to  establish  combustion  (at  p  $  40  atm)  for  any  one  of  the  many 

A  Ql 

nitrates  investigated  ,  although  the  calculated  heat  release  for  Fb^O^g* 
Ba(N0j)2>  Sr(N0^)2  and  especially  for  LiNO^  is  considerably  higher  than  for 
BaC^  or  KMnO^,  which  burn  well  in  perspex  tubes  even  at  1  atm  abs.  This  is 
possibly  related  to  the  fact  that  decomposition  of  nitrates  does  not  liberate 
oxygen  but  the  relatively  inert  nitrogen  peroxide.  Burning  in  contact  with 
KCIO^  (at  p  <  60  atm)  could  not  be  established  for  those  fuels  (polyethylene- 
terephthalate,  galalith,  phenolformaldehyde  resin,  etc)  which  form  a  large 

*This  is  naturally  not  the  normal  burning  rate.  Thus  the  mass  burning 
rate  should  not  be  calculated  in  the  usual  way  when  considering  the  propagation 
of  a  flame  along  the  surface  of  contact  of  the  components.  The  linear  and 
mass  rate  of  vaporization  of  the  fuel  and,  less  accurately,  of  the  oxidizer 
inside  the  indentation  can  be  calculated  (soo  section  6,C  and  section  9),  but 
this  rate  is  characteristic  only  of  the  formation  of  the  indentation  and  not 
of  the  propagation  of  the  flame  along  the  surface  of  contact  of  the  components. 
Moreover  the  burning  rate  u  for  ordinary  disordered  systems  for  d  >  d 

mm 

is  also  not  the  normal  burning  rate.  However,  the  velocity  of  both  processes 
will  be  denoted  by  the  letter  u  and  where  necessary  subscripts  will  be  used. 
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amount  of  carbon  residue  during  their  thermal  decomposition  in  the  presence  of 
oxygen. 

For  metal  powders  there  i3  a  limiting  relative  density  of  layer  for  which 
burning  becomes  impossible  because  of  the  extremely  high  heat  transfer  from 
the  combustion  zone  into  the  interior  of  the  fuel  layer.  The  limiting 
relative  density  S^im  a^ou^  0*5  **or  "fr^ston  powder  (mean  particle  size 
~3  (i)  in  contact  with  KCIO^  at  20  atm. 

The  value  of  6, .  depends  on  the  size  of  the  layer  and  the  pressure, 
llm 

A  limiting  relative  density  is  not  observed  for  organic  fuels,  i.e.  burning 
takes  place  even  for  a  solid  plate  (S  s  l)  of  fuel.  It  is  reasonable  to 
relate  this  to  their  low  thermal  conductivity  in  comparison  with  that  for 
metals. 

On  the  other  hand  the  effect  of  the  nature  of  the  oxidizer  on  its 
ability  to  burn  in  contact  with  aluminium  or  tungsten  is  exerted  only  through 
the  change  in  the  heat  of  combustion,  although  such  startling  discrepancies 
between  the  calculated  and  actual  values  of  the  ability  to  burn  as  found  for 
organic  fuels  have  not  been  observed.  The  data  given  in  Table  53  show  that 
the  ability  to  burn  for  the  systems  under  investigation  decreases  steadily 
with  increase  in  the  heat  lost  Qdecomp  in  the  decomposition  of  the  oxidizer, 
i.e.  the  amount  required  to  liberate  1  mole  of  O^.  As  Q^ecomp  increases, 
the  pressure  increases  and  hence  burning  becomes  possible. 

B  DSESNDL'NCE  OF  FLAMS  VELOCITY  ON  LAYER  THICKNESS  OF  COMPOKSKTS 

Experiments  were  carried  out  in  which  the  thickness  d  of  the  layer  of 
one  of  the  components  was  varied  whilst  the  thickness  of  tho  other  was  kept 
constant  (the  configuration  of  the  charges  is  shown  in  Fig. 53) • 

In  all  the  cases  investigated  there  is  a  plateau  on  the  curve  u(d)  fvr 
sufficiently  large  values  of  d  (Figo.54,  55a,  b)*» 

This  phenomenon  is  related  to  the  presence  of  the  zono  of  influence  (see 
section  10,B);  the  burning  rate  changes  with  increase  in  the  width  of  the 
combustion  zone  (resulting  from  an  increase  in  d)  only  up  to  the  point  where 
the  value  of  d  cot  </>,  where  <p  is  tho  angle  of  burning,  becomes  larger  than 
the  size  of  the  zone  of  influence.  Thus  tho  dependence  u(d)  can  be  used 
for  evaluating  the  size  of  the  zone  of  influence. 

*A  reduction  of  tho  dependence  u(d)  for  large  values  of  d  was  also 

166 

observed  for  a  core  of  aluminium  powder  in  a  coaxial  tube  of  BaOg  although 

a  considerable  scatter  of  the  values  of  u  was  observed  for  small  values  of 
d  for  this  system. 
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For  snail  values  of  d  the  curve  u(d)  can  have  various  forms: 

(1)  For  a  perspex  layer  (Fig*  5.5a)  and  a  polyethylene  layer  (Fig.55*>) 
between  layers  of  KCIO^  and  also  for  a  BaO,,  layer  between  layers  of  perspex 
(curve  3  in  Fig. 54)  the  burning  rate  falls  as  d  is  reduced. 

(2)  For  a  KCIO^  layer  between  layers  of  perspex  (curves  1  and  2  in 
Fig.54)  the  burning  rate  increases  as  d  is  reduced. 

The  reasons  for  the  different  shapes  of  the  curve  u(d)  for  small 
values  of  d  are  still  uncertain  in  many  respects,  but  it  is  evident  that  ihe 
fora  of  the  ourve  u(d)  for  a  single  layer  at  small  values  of  d  is  deter** 
mined  by  two  competing  processes: 

(a'  The  total  heat  release  is  reduced  with  decrease  in  d  for  a  single 
layer  vnereas  the  heat  losses  to  the  external  layers  remain  approximately  'che 
same.  Consequently  the  relative  importance  of  tlie  heat  losses  again 
increases*. 

(b)  The  distance  between  the  flame  propagated  along  the  left  and  right 
boundary  of  the  layer  deoreases  with  decrease  in  d,  and  consequently  the 
heat  losses  decrease  inside  the  layer. 

C  DEPENDENCE  OF  FLAMS  VELOCITY  ON  PRESSURE 

All  the  basic  forms  of  the  curves  u(p)  known  for  the  usual  disordered 
systems  were  observed  for  the  layer  systems  studied  in  Eefs.127,  124  and  166. 

(l)  For  the  systems  KClO^-perspex,  polyethylene,  polystyrene,  vinyl 
plastic;  KGlOy perspex;  Ba(N0j)2-Al;  KC10^-W  the  burning  rate  increased 
mono  topically  with  pressure  over  the  pressure  ranges  investigated  (see 
curves  1  and  2  in  Fig.56  and  curve  1  in  Fig. 57).  The  value  of  the  exponent 


v  in  the  equation 

y 

u  =  bp  for  those  systems  is  as 

follows : 

Oxidizer 

1  Fuel 

v. 

Pressure,  atm 

KC10. 

4 

Polystyrene 

~1 .2 

5  to  W) 

KCIO^ 

Perspex 

1.06 

20  to  125 

KC10. 

4 

Polyethylene 

0,64 

10  to  30 

Ba(N0^)2 

Aluminium 

0.4 9 

30  to  lOO- 

KC10. 

4 

Polyvinylchloride 

0.42 

IO  to  40 

*0n  the  other  hand,  for  systems  consisting  of  maiy  layers,  the  number  of 
which  per  unit  length  of  charge  increases  with  decrease  in  d,  the  total  heat 
release  in  the  tone  of  influence  will  increase  as  d  is  deoreasod,  and  thus 
the  heat  losses  will  decrease  aga?i». 
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For  the  KClO^-perspex  system  v  w  0.82  was  obtained  for  plane  layers  (5  to 
40  atr),  v  ~  0.47  for  cylindrical  layers  (2.5  to  20  atm)  and  v  ~  0.95  for 
cylindrical  layers  (30  to  125  atm)  (Rofs.124  end  127) • 

(2)  The  burning  mte  for  the  KMnO^-perspex  (see  curve  4  in  Fig»5&)  and 
KKnO^-W  (see  curve  2  in  Fig. 57)  systems  Increases  only  up  to  a  certain 
pressure  and  then  remains  constant  over  a  wide  pressure  range. 

(3)  The  burning  rate  for  the  BaOg-perspex  system  first  increases  with 
increase  in  pressure,  then  passes  through  a  maximum  and  begins  to  decrease 
(see  curve  3  in  Fig. 56). 

In  the  same  way  as  in  the  usual  disordered  mixtures,  the  increase  in  the 
velocity  of  propagation  of  the  flame  along  the  surfac-e  of  contact  of  the  com¬ 
ponents  is  related  to  the  increase  in  the  rate  of  'the  reactions  in  the  kinetic 
zone  close  to  the  ’tip’  of  the  flame. 

The  case  where  the  burning  rate  of  a  layer  system  does  not  depend  on  the 
pressure  over  a  certain  pressure  range  has  been  observed  only  for  KMnO^  systems. 
A  considerable  amount  of  solid  residue  is  formed  in  the  decomposition  of  KHnO^. 
The  flow  of  oxygen  to  the  reaction  zone  through  the  layer  of  solid  residue 
evidently  cannot  exceed  a  certain  value  (i»o.  burning  takes  place  in  the 
diffusion  regime),  which  results  in  the  appearance  of  a  plateau  in  the  curve 
u(p). 

Finally,  the  case  of  the  BaOg-perspcx  layer  system,  whore  the  burning 
rate  passes  through  a  maximum,  ia  probably  also  associated  with  a  solid 

12? 

residue;  an  alternative  hypothesis,  which  cannot  yet  be  discarded,  suggests 
that  a  reversal  of  the  reaction  BaOg  +■  BaO  +  takes  place,  and  thus  an 

increase  in  pressure  retards  the  decomposition  of  BaOg,  consequently  reducing 
the  flow  of  oxygen  to  the  reaction  zone. 

D  DEPENDENCE  OF  FLAMS  VELOCITY  ON  LAYER  DENSITY 

Continuous  laminae  cannot  always  be  used  for  studying  the  combustion  of 
layer  systems. 

(1)  There  is  a  limiting  value  for  the  layer  density  for  metal  powders 
and  possibly  for  some  oxidizer  powders,  e.g.  BaOg,  so  that  for  8  >  6^ 
burning  does  not  take  place. 

(2)  There  are  technical  difficulties  which  in  mai}y  cases  limit  the 

density  of  a  layer.  For  example  in  pressing  NH^CIO^  or  KCIO^  into  cylindri¬ 
cal  perspex  tubes  the  value  of  is  not  greater  than  0.90  to  0.$5» 
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■When  the  pressure  used  in  pressing  is  raised  above  1500  to  2000  atm  perspex 
begins  to  deform.  For  polystyrene,  polyethylene  and  especially  for  teflon 
tlia  limiting  values  of  Pp^gg  and  8  are  considerably  lower  than  for 
pei  ,pex. 

Special  experiments  have  been  made  to  study  the  effect  of  the  porosity 

of  the  layer  on  the  velocity  of  the  flame  along  the  surface  of  contact.  It 

was  found  that  the  dependence  u(6)  has  the  same  character  for  volatile  and 

for  condensed  fusible  explosives  (see  section  2,d)j  for  sufficiently  large 

values  of  6,  the  mass  burning  rate  u8  decreases  slightly  with  decrease  of 

8,  since  the  heat  release  falls  with  decrease  of  8  and  the  heat  losses  are 

approximately  oonstant.  Howsver  at  some  sufficiently  small  value  of  6, 

which  becomes  smaller  as  the  pressure  becomes  lower,  the  mass  burning  rate 

begins  to  increase  rapidly  with  decrease  in  6*  since  the  hot  oombustion 

products  begin  to  penetrate  into  the  pores  of  the  layer*.  Such  a  form  of  the 

dependence  u(6)  was  obtained  for  KCIO^  in  a  cylindrical  tube  of  perspex 

(Fig.58)  and  also  for  aluminium  in  a  coaxial  tube  of  KMnO^  (Fig. 59).  Kith 

KC10,  at  40  atm  as  8  was  decreased,  the  value  u6  after  a  rapid  increase 
4 

passed  through  a  maximum  and  began  to  decrease  because  of  the  fall,  in  the  total 
heat  release.  It  is  possibly  that  such  a  decrease  in  u6  at  very  low  values 
of  8  may  also  occur  in  other  cases. 


E  COMPARISON  OF  BURNING  FATE  IN  A  LAYER  SYSTEM  AND  IN  AN  ORDINARY 
DISORDERED  MIXTURE 

It  is  interesting  to  oompare  (for  d  =  const)  the  flame  velocity  along 

the  surface  of  contact  of  the  layers  of  fuel  and  oxidizer  u^  and  the  burning 

rate  of  an  ordinary  disordered  mixture  u, ,  .  From  theoretical  considers- 

124  127 

tions  it  is  obvious  '  that  u^  >  u^  ,  since  in  disordered  systems  the 

flame  is  retarded  by  the  transmission  of  burning  through  a  fuel  layer. 


However  experimental  verification  of  u^  >  u^g  is  complicated  since  it 
is  difficult  to  make  a  layer  system,  especially  with  a  large  number  of  layers, 
for  small  values  of  d.  The  value  of  will  be  reduced  with  a  decrease  in 
the  number  of  layers,  down  to  the  limit  of  two  (a  layer  of  oxidizer  +  a  layer 
of  fuel).  So  far,  the  experimental  values  of  have  been  obtained  only 


♦Consequently,  for  a  given  value  of  8  not  very  close  to  8  =  1,  the 
dependence  of  u(p)  at  a  sufficiently  high  pressure  increases  sharply.  Such 
an  inflection  in  the  curve  u(p)  was  obtained  for  the  layer  systems: 
tungsten  (powder,  6  ~  0.5)-KC10^  (at  p  >  50  atm),  tungsten  (fraction  140  to 

400  (i,  6  =  0.40  to  0.45) -KMnO^  (at  p  ~  100  atm). 
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for  charges  made  by  pressing  oxidizer  in  powder  form  into  plane  or  cylindrical 
channels  in  the  fuel.  The  density  of  the  layer  of  oxidizer  is  thus  not  very- 
high  (usually  8  0.6  to  0.7)* 

The  variation  of  the  density  fr-om  the  maximum  can  affect  u^  and  u^g 
in  different  ways. 


A  tentative  comparison  of  u^  and  u^s  for  different  values  of  d 
for  the  KClO^-perspex  system  is  given  in  fig, 60.  In  this  case  u^  >  is 

valid  although  the  difference  is  not  large.  The  aata  were  most  reliable  for 
a  layer  system  with  d  >  4  to  5  nm  and  for  ordinary  mixtures  with  d  <  0.2 
to  0.5  mm. 


Moreover,  the  value  of  u^  was  obtained  for  a  single  layer  of  oxidizer 
between  two  reasonably  thick  layers  of  fuel  and  consequently  was  reduced; 
this  excess  of  fuel  must  also  lower  u^  since  the  maximum  of  the  burning  rate 
lies  close  to  a  =  1  for  a  KClO^-perspex  system. 


In  addition,  the  porosity  of  the  oxidizer  layer  in  the  layer  system 
(l  -  6  =  0.33  to  0.58)  was  higher  than  in  the  ordinary  mixture  (l  -  6  «  0.l)$ 
this  could  raise  u^  in  comparison  with  udig,  out  not  very  greatly,  since 
the  experiments  were  carried  out  at  low  pressure  -  10  atm. 


As  well  as  the  layer  system  ir  which  the  flame  moves  along  the  surface 

of  contact  of  the  stationary  (relative  to  one  another)  layers  of  the  components, 
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another  type  of  layer  system  has  been  studied  in  which  the  end  of  a  r^d  of 

oxidizer  was  pressed  by  a  spring  against  the  end  of  a  rod  of  fuel  and  thU3 
moved  as  burning  progressed.  For  rods  of  perspex  and  NH^KO*  with  a  certain 
cross-sectional  area  of  the  rods,  a  mass  rate  of  vaporization  of  0.0127  gn/soc 
was  obtained  for  perspex  and  uf  0.1755  gm/soc  for  KH^NO^  (at  70  atm).  This 
ratio  of  mass  burning  rates  corresponds  to  a  «  1.44,  i.e.  burning  !-akes  place 
with  a  considerable  excess  of  oxidizer,  since  KH,  NO^  vaporizes  considerably 
mofe  easily  than  perspex, 

19  BURNING  OF  AMMONIUM  KERCKLORATB 

The  burning  of  ammonium  perchlorate  (pure  or  with  small  additions  of 

fuels  and  catalysts)  has  boon  studied  very  extensively.  It  has  been  suggested 

that  the  burning  of  pure  NH^CIO^  is  one  of  tire  elementary  processes  during  the 

burning  of  systems  of  mixtures  based  on  NF. CIO. .  Thus  the  hypothosis  has  boon 
141  * 

proposed  that  the  burning  rate  of  3uch  systems  is  simply  the  burning  rate 

of  NH. CIO,  taking  into  account  tho  flow  of  heat  from  the  diffusion  flame. 

4  4- 
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Such  a  point  of  view  is  useful,  but  the  presence  of  the  fuel  which  burns  in 
the  diffusion  flame  aots  on  the  burning  rate  of  NH^CIO^  in  two  mutually 
opposite  directions.  At  first  the  fuel  burning  in  the  diffusion  flame  must 
heat  up  and  vaporise.  It  obtains  part  of  the  necessary  heat  from  the 
NH,  +  HC10.  flame  and  thus  retards  its  buraingo  However,  the  fuel  then 

y  t 

reacts  in  the  kinetic  and  diffusion  flames;  part  of  ihe  heat  emitted  enters 
the  NKj  +  HCIO^  flame  zone  and  increases  the  temperature  in  this  zone.  If 
the  percentage  of  fuel  is  near  to  stoichiometric,  the  second  effect  pre¬ 
dominates  and  the  burning  rate  of  the  NH^ClO^-fuel  mixture  is  greatly 
increased  compared  with  the  burning  rate  of  pure  NH.  CIO^.  If  the  percentage 
of  fuel  i3  very  small  or  o diversely  is  extremely  high,  or  if  the  fuel  is  vezy 
inert,  the  first  effect  predominates  and  the  burning  rate  of  such  NH^ClO^-fuel 
mixtures  can  be  considerably  lower  than  the  burning  rate  of  pure  NH^CIO^. 

Thus  the  burning  mechanism  of  mixtures  based  on  NH^CIO^  can  be  under¬ 
stood  only  if  the  interaction  of  the  components  of  the  mixture  is  considered. 

It  ia  shown  below  that  the  burning  mechanism  of  pure  NK^CIO^  (without 
fuel)  is  vezy  different  from  that  of  NH^OlO^-fuel  mixtures. 

The  burning  of  pure  NH^CIO^  is  characterized  by  sharply  defined  limits 
and  it  i3  therefore  very  sensitive  to  changes  in  the  conditions  of  burning. 

For  the  burning  of  NH^CIO^  specimens  in  an  atmosphere  of  compressed  nitrogen 
there  are  a  lower  and  upper  limit  p^  with  respect  to  pressure  so  that 
burning  is  stable  only  in  the  interval  <  p  <  Py.  Tho  value  of  and 
Py  (and  the  very  existenoe  of  the  upper  limit)  depend  on  tho  character  of  the 
oharge  oasing,  on  tho  diameter  of  the  charge,  on  the  relative  density  of  the 
oharga  and  on  tho  NH^CIO^  particle  size,  etc. 

The  burning  of  NH^CIO^  is  much  more  sensitive  to  an  increase  in  the 
initial  temperature  than  the  burning  of  mixtures  of  NH^CIO^  which  are  not  too 
far  from  stoichiometric;  tho  temperature  coefficient  (3  is  in  the  first  case 
(5.6  to  6.0)  .  10  J  deg  (Ref. 47)  and  in  tho  second  case  (l  to  2)  .  10  J  deg  • 

In  tho  same  way  pure  NH^CIO^  is  much  more  sensitive  to  the  effect  of 
additivos  than  compositions  based  on  NH^CIO^  (see  section  1 ?)• 

Tho  dependence  of  the  burning  rate  of  NH^CIO^  on  tho  rolativo  density  6 
also  testifies  to  the  limited  character  of  its  burning.  With  decrease  in  6 
not  only  tho  mass  rate  of  burning  but  tho  linear  rate  of  burning  decreases, 
wheveas  for  secondary  explosives  and  mixtures  the  linear  burning  rate  generally 
increases  with  decrease  of  6. 
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Finally  when  small  additions  of  fuel  are  made  to  KH  CIO^,  the  ourning 
rate  can  not  only  not  rise  but  may  even  decrease  considerably  as  far  a3  the 
poin'-  where  burning  is  extinguished,  since  the  diffusion  flarje  is  feeble  and 
dor* 3  not  compensate  for  the  heat  lost  in  heating  and  vaporizing  the  fuel. 

The  limited  character  of  the  burning  of  pure  NK^CIO^  is  essentially- 

connected  vdt.i  its  low  combustion  temperature  (the  calculated  temperature  is 

1380°IC  at  1  atm  abs)^,  whereas  the  combustion  tempera  tiure  of  compositions  based 

on  NH.  CIO.  is  usually  not  less  than  2300  to  2?00°K  at  1  atm  abs  (Ref. 126). 

4  4 

A  LOWER  AND  UPPER  PRESSURE  LIMITS  OF  BURMINS 

Data  on  the  lower  limit  of  burning  are  given  in  Refs. 120,  173,  188,  189, 
251,  etc.  It  was  found  that  the  value  of  pL  decreases  under  the  following 
conditions: 

(l)  With  increase  in  the  particle  size  of  NR.  CIO.  (Refs. 102,  189,  251 ). 

251  o  k 

Thus  for  example  the  results  obtained  at  20  C  were: 


SfH  CIO  *  ^  <  50  50  to  63  63  to  too  160  to  250  250  to  31 r* 
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PL,  atm 


110 


70 


70 


40 


23 


Data  from  Ref.  1 89  are  given  in  Fig,.6l« 

(2)  With  increase  in  the  initial  temperature  of  the  charge  (Refs. 47, 

251 

120,  180,  251).  Thus  for  example  the  results  obtained  for  d^T  <  50  n 
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were: 


0 

Tq,  C 

20 

60 

100 

120 

p_ ,  atm 

L 

110 

50 

36 

30 

(3)  With  the  addition  of  catalysts  (Refs. 47,  173,  190,  etc). 

(4)  With  increase  in  tho  diameter  (<£)  ,  of  the  charge.  Thus 

121 

p  =  50  atm  was  obtained  for  <t>  -  5  Dim  and  pT  =  30  atm  for  =  7  mm. 

L  b 

(5)  With  increase  in  the  relative  density  6  =  p/p  of  the  charge. 

max 

Thus  p.  ss  80  atm  was  obtained  for  6  «  0,65  and  pT  »  60  atm  for  6  a  1. 

b  b 

The  value  of  p.  can  be  greatly  reduced  when  a  fuel  casing  is  used  (see 
b 

below) . 


Additionally,  tlie  value  of  depends  on  the  character  of  the  igniter* 

Thus  when  a  glowing  filament  igniter  is  U3ed  pT  «  45  atm  and  for  an  igniter 

188  u 

composition  pT  a  22  atm  . 

JLt 

The  value  of  the  upper  limit  pTT  (and  the  existence  of  an  upper  limit) 

u  120 

is  now  considered.  The  presence  of  catalytic  additives  and  also  the 

i 1 QQ 

character  of  the  casing  *  affects  the  value  of  pTI.  Tims  it  was  dis** 

188  u 
covered  that  for  a  charge  in  an  asbestos  tube  an  upper  limit  is  not 

observed,  at  least  for  p  £  300  atm.  whereas  for  a  charge  without  a  casing 
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Py  s •.  250  at m.  The  burning  of  a  charge  without  a  casing  was  extinguished 
at  p  >  280  atm;  on  the  other  hand  the  burning  of  a  charge  in  an  aabestos 
casing  was  stable  up  to  at  least  16 00  atm. 

The  existence  of  pressure  limits  for  the  burning  of  NH^CIO^  is 

undoubtedly  associated  with  heat  losses  from  the  combustion  zone  of 

NH,  +  HC10,  *  The  lower  limit  evidently  depends  to  a  considerable  extent  on 
3  4 

the  intensity  of  oombustion  of  NH^CIO^,  which  increases  with  increase  in 

pressure  up  to  *  limiting  value.  Thus  for  example  the  composition  of  the 
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combustion  products  of  NH^CIO^  was  measured  and  it  was  shown  that  at  1  atm 
abs  (evidently  oombustion  was  assisted  by  an  auxiliary  supply  of  heat  from  a 
projector)  the  actuel  composition  of  the  combustion  products  diverges  consider** 
ably  from  those  expected  from  NH^C10;  -*  0,5N2  +  HC1  +  1.5H20  +  1.25C>2  since 
the  combustion  products  contain  a  largo  quantity  of  oxides  of  nitrogen. 

However  with  increase  in  pressure  the  oxides  of  nitrogen  decrease  and  the 
oxygen  increases  correspondingly  (Table  54). 


TABLE  54 


Influence  of  pressure  on  the  composition  of  the  combustion 

products  of  NH, CIO, 

_ _ _ i fe— Jfc 


Pressure, 

atm 

No.  of  moles  of  products 
per  mole  NH^CIO^ 

Rof,. 

no2 

n2o 

n2 

°2 

1 

0.55 

0.10 

0.11 

0.65 

188 

35 

0.31 

0.11 

0.75 

70 

0.23 

0.12 

0.80 

140 

0.23 

0.05 

« 

0.80 

1 

0.54  (mole  NO) 

0.145 

0.085 

0.73 

103 

73.5 

0.013  (mole  NO) 

0.11 

0.78 ; 

205 


The  less  of  energy  by  radiation  from  the  KH^  +  HCIO^  flame  and  from  the 
Nil  CIO  surface  to  the  surrounding  volume  can  also  be  considerable  as  a  result 

4  4 

of  the  limited  character  of  the  burning  of  NH^CIO^. 

The  upper  limit  is  possibly  connected  with  the  convection  losses  from  the 
flame  zone  to  the  surrounding  gas  since  these  losses  increase  with  increase  in 
pressure. 

An  increase  in  the  temperature  in  the  NH^  +  HCIO^  flame  zona  can  extend 
the  limits  of  burning  considerably  and  thus  the  upper  limit  of  burning  in 
general  cannot  be  observed  for  the  whole  of  the  pressure  range  studied. 

Such  a  temperature  increase  in  the  flame  zone  can  be  achieved  as  follows: 

(1)  by  an  increase  in  the  initial  temperature  of  the  charge, 

(2)  by  a  supplementary  flow  of  radiative  heat,  incident  on  the  surface 
of  the  charge  from  an  outside  source, 

(3)  by  the  addition  of  catalysts  which  reduce  the  width  of  the  combustion 
zone  and  hence  lower  the  heat  losses  from  the  flame  zone.  In  those  cases 
where  the  intensity  of  combustion  is  low,  catalytic  additives  can  increase  it, 

(4)  by  additions  of  fuel*  (in  not  too  small  amounts)  or  by  the  use  of  a 
fuel  casing, 

(5)  by  decreasing  the  heat  losses  from  the  flame  zone  due  to  tho  use  of 
an  inert  casing  with  low  thermal  conductivity. 

Many  experiments  have  been  carried  out  to  elucidate  the  particular  problem 
of  the  minimum  preheating  required  to  enablo  NH^CIO^  to  burn  at  1  arm  abs. 

Thus  it  was  found^  that  pure  NH.  CIO  (6  s  0.54)  at  1  atm  abs  burns  at 

0  ^  ,  -1  -1 

T  £  200  C.  If  he  value  c  s  0.2 6  cal  gm  deg  is  taken  for  the  specific 
0 

heat  of  NH^CIO^,  this  preheating  amounts  to  52  cal/gm.  The  minimum  px-e- 
hoating  duo  to  an  increase  in  Tq  is  estimated  as  64  cal/gm  and  that  due  to 
an  addition  of  volatile  fuel  as  not  loss  than  107  cal/gm  (i.o,  approximately 
1.7  time?  greater)  .  This  discrepancy  is  to  be  expectod  since  only  the  part 


*Addition  of  fuols  leads  to  tho  appearance  of  the  diffusion  flame  and  a 
considerable  flow  of  heat  to  the  surface  of  tho  charge.  However  a  definite 
quantity  of  heat  is  also  required  to  heat  and  vaporize  tho  fuel.  Therofore 
the  burning  rate  can  fall  for  a  small  percentage  of  added  fuel,  increase  in  the 
fuel  percentage  even  resulting  in  complete  oxtincticn  at  pressures  at  which 

pure  NH. CIO.  burns  stoadily.  However,  for  highor  fuel  percentages  the  tempera- 
4  4 

ture  in  tho 


NH,  + 
3 


HCIO^  zeno  rises,  the  stability  of  burning  improves  and  the 


burning  rato  also  begins  to  rise  rapidly. 
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of  the  heat  emitted  in  the  diffusion  flame  reaches  tne  NH,  +  HC10,  reaction 
zone.  Moreover  the  flow  of  heat  from  the  diffusion  flame  is  partially 
expended  in  the  preheating  and  vaporisation  of  the  added  fuel  and  only  the 
remaining  part  of  the  heat  is  used  to  preheat  the  NH^CIO^.  The  minimum  flame 
temperature  of  NH^CIO^  for  which  burning  is  stable  at  1  atm  abs  is  k  930°C  in 
the  case  where  volatile  fuels  are  added,  but  in  the  case  of  an  addition  of 
carbon  the  final  temperature  of  the  flame  must  be  not  less  than  1600°C,  since 
carbon  reacts  slowly  and  the  portion  of  heat  reaching  the  surface  of  the  charge 
is  small. 

The  minimum  flow  of  heat  using  radiation  from  projector  equipment  for 

188  **2 

which  NH,  CIO.  could  burn  at  1  atm  abs  was  found  to  be  10  k  ,  cal  cm 
^44  abs 

seo  where  k^  the  coefficient  of  absorption  is  approximately  equal  to 
1-0.63  =  0.37,  assuming  that  the  transmission  coefficient  is  close  to  zero. 

The  burning  rate  was  «  0.2  mm/sec.  Taking  6  a  1  (p  «  1.95  gnv/ca;  the 

10  x  0  37 

minimum  preheat  required  was  ^  qg  B  95  cal/gm* 

Catalytic  additives  and  also  a  fuel  casing  can  extend  the  limits  of 
burning  very  considerably,  though  quantitative  assessments  of  the  temperature 
rise  in  the  flame  zone  have  not  been  made. 

A  considerable  number  of  catalytic  additives  has  been  described  which 
ensure  the  stablo  burning  of  NH^CIO^  at  1  atm  abs  and  room  temperature,  for 
example,  CuO,  CUgC^,  MnOg,  lInC07  (see  Ref .190,  6  «  0.6  to  O.65);  CUgO 

(Ref. 173*  6  <  0.84;  Rof.190,  6  «  0.6  to  O.65);  copper  chromite  (Ref .47, 

6  a  0.4),  eto. 

1 20 

The  disappoaranco  of  Py  was  observed  (at  least  in  tho  range  up  to 
p  =  340  atm)  for  tho  addition  of  (3#)  copper  chromite,  CuO,  Cr ^Oy  Fo ^0^, 

MnOg,  etc,  whereas  without  any  additive  Py  «  280  atm. 

A  fuol  casing  improves  the  stability  of  burning  very  considerably.  Thus 

NH,  CIO,  burns  steadily  in  a  perspex  casing  or  with  a  sufficiently  thick  film 
4  4  03 

of  lacquer  at  least  over  the  range  from  several  atmosphores  up  to 
121 

p  i>  1000  atm  . 

B  BURNING  RATS  AT  VARIOUS  .PRESSURES 

Owing  to  the  limited  character  of  tho  burning  of  NH, CIO.  tho  absolute 
value  of  tho  burning  rate  at  various  pressures  and  oven  the  form  of  the  u(p) 
curve  depend  considerably  on  the  conditions -under  which  the  experiments  are 
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carried  out  even  within  the  limits  of  a  single  work  and  especially  when 
referring  to  different  works** 

The  form  of  the  curve  u(p)  is  now  considered^  Despite  the  great 
diversity  of  the  data,  three  portions  of  the  curve  u(p)  can  be  quite  clearly 
distinguished. 

(1)  At  ‘low’  pressures  from  p^  to  pressures  of  70  to  200  atm' the 
burning  rate  rises  monotonically  with  increase  in  pressure.  The  dependence 

,  , >  .  ,  .  .120,121,173,188,189  .  .  ,  ,  - 

u(p)  at  low  pressures  was  found  *  ’  to  be  close  to  one  of 

direct  proportion  (v  «  0.8  to  1 ,0$  see  Table  55  and  also  Fig.62  at 

p  ^  150  atm).  However  for  uncased  charges  of  NH^CIO^  (5  x  5  nim)  and  also 

for  charges  of  NH. CIO.  smeared  with  a  fluorinated  grease^ 21  the  value  of  v 
L\.  44* 

(over  the  ranges  70  to  210  and  50  to  200  atm  respectively)  ms  only  0,34  to 
0.58  (Table  55). 

(2)  At  ’medium’  pressures  from  70-200  to  300-500  atm  the  burning  rate 
either  continues  to  increase  with  rise  in  pressure,  although  much  more  slowly 
than  at  ’low’  pressures  (see  Table  55),  or  flattens  out  into  a  plateau,  or 
falls  with  increase  in  pressure  over  a  certain  pressure  range  and  then  begins 
to  rise  (fig. 62  at  150  to  200  atm),  or,  finally,  with  increase  in  pressure 
decreases  to  the  point  where  burning  is  extinguished  (Fig. 64). 

(3)  At  ’high'  pressures  (higher  than  300  to  500  atm)  a  sharp  increase 

1 21  1 52 

in  the  dependence  u(p)  is  observed  *  (see  Table  55  and  Figs. 62,  63), 

The  ’low’  pressure  region  will  be  examined  in  greater  detail.  Many, 
but  not  all,  authors  find  the  dependence  u(p)  in  this  region  to  be  close  to 
the  dependence  u  =  bp,  which  is  characteristic  of  volatile  homogeneous 
explosives.  This  is  to  be  expected,  since  NH^CIO^  is  essentially  a  weak 
homogeneous  explosive. 

However,  owing  to  the  limited  character  of  the  burning  of  NH^CIO^,  the 
analogy  with  volatile  homogeneous  explosives  is  restricted  and  easily  infringed. 

In  particular  the  burning  rate  of  NH^CIO^  can  depend^ to  a 

great  extent  on  the  particle  size  of  the  powder  from  which  the  charge  is 

pressed  whereas  for  secondary  explosives  for  5  x  1  the  particle  size  of  the 

original  powder  has  pructi  '.ally  no  influence  or.  the  burning  rate.  Data  on 

the  dependence  ^(d^  C1Q  )  are  shown  in  Figs. 64  and  65.  In  Fig. 65  the 

4  4 

*The  experiments  in  Refs. 120,  121,  141,  173,  188,  189  were  carried  out  in 
a  constant  pressure  bomb  and  in  Rof.152  in  a  manomotric  bomb. 


TABLS  55 

Value  of  oxponsnt  v  in  eQuationa  u  =  bpv,  or  mat1  pV, 
for  NH^CIO^,  vdth  various  onsinga 


Diameter 

! 

d  ,  n 

Casing 

of  charge. 

«Lo*i» 

•Medium* 

•High* 

Ref. 

cot  P 

material 

ms 

• 

pressures 

pressures 

pressures 

Perspex 

7 

0.88 

■it  ■■■  ■ 

at  150-200  atm 

~2.0 

- 

(10-150) 

V  <  o 

(360-950) 

Polyvinyl 

7 

~0 

~1»6 

►  121 

chloride  lacquer 

15 

(100-250) 

(350-1000) 

Fluerinated 

7 

0.53 

0.11* 

~1.3 

grease 

(50-200) 

(200-500) 

(500-1000) 

> 

M5 

Cement  +  gleet 

10 

0.93 

(1*0-100) 

100-11*0 

Cement  *  glass 

10 

0.82 

(60-100) 

~15 

Perspex 

6 

0.91 

6  >  0.95 

nh4ciou 

(10-100) 

*  173 

M5 

Perspex 

6 

0.90-0.92 

VdO,  "  °‘67 

(5-100) 

1*  li 

to  0.7?* 

320-1*10 

Perspex 

6 

~#.90 

\ao.  » 
k  u 

(1*0-100) 

- 

Asbestos 

U  X  l| 

1.06 

0.36 

(30-50) 

0.69 

(50-100) 

(100-300) 

- 

►  188 

Asbestos 

16 

0.25 

1-75 

152 

(70-350) 

(350-1500) 

53-66 

Without  casing 

5x5 

0.585 

(7>210) 

" 

66-76 

r.  « 

5x5 

0.585 

(70-210) 

76-101* 

M5 

t  • 

»  » 

5  s  5 

0.57 

1 70-210) 

^  1h1 

5x5 

~0.5 

recrys  tall  i  zed 

(1 1*0-210) 

M5 

5  x  5 

0.3(4 

Specimen  *A* 

(70-210) 

~15 

«  ■ 

5x5 

0.57 

Specimen  <5* 

(11*0-210) 

-4 

Kotg;  The  figures  in  brackets  {  )  denote  the  pressure  rango  in  atnii 
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burning  rate  at  100  atm  changes  from  sj  10  ma/sec  (for  the  fraction  300  to 
3000  {i)  to  «  4»5  cmv^sec  (for  the  fraction  5  to  250  jx),  i*e.  by  a  factor  of  2.2. 

It  can  also  be  seen  from  Pig. 64  and  65  that  there  is  no  monotonic 

relationship  between  the  particle  size  of  NH^CIO^  and  its  burning  rate, 

although  very  wide  fractions  of  NH,  CIO.  evidently  have  a  higher  burning  rate* 

4  4 

However  this  dependence  of  u  on  the  particle  size  of  NH^CIO^  has  not 

always  been  observed.  Thus  the  data  in  Ref .141  (at  105  atm)  and  in  Ref. 173 

(at  100  atm)  indicate  that  the  particle  size  of  NH,  CIO.  only  slightly  affects 

4  4 

the  burning  rate  (Table  56). 

The  significance  of  the  effect  of  particle  size  on  the  burning  rate  of 
charges  of  NH^CIO^  compressed  to  a  high  density  is  not  yet  clear. 


TABLE  56 


Effect  of  particle  size  of  NH^CIO^  powder  from  which  charges 
are  pressed  (5  a  l)  on  the  burning  rate 


Fraction 

nh4cio4,  h 

u,  rnn/sec 

Coating 

material. 

Diamecer 
of  charge, 
mm 

Ref. 

-15 

12 

' 

Cement  +  glass 

10 

<  100 

9.9 

Cement  +  glass 

10 

100-140 

10 

Cement  +  glass 

10 

175 

-1.5 

11.4 

Perspex 

6 

320-410 

12 

Perspex 

6 

53-66 

8.9 

Uncoated 

5x5 

66-76 

8.6 

Uncoated 

5x5 

141 

76^104 

7.9 

Uncoated 

5x5 

Many  authors  have  found  that  a  hot  charge  of  NH.  CIO,  does  not  have  a 

4  4 

plane  surface.  It  is  possible  that  the  surface  area  of  a  hot  charge  depends 
on  the  particle  size  of  the  powder  from  which  the  charge  is  pressed,  which  can 
affect  the  burning  rate. 

Impurities  on  the  surface  of  the  crystals,  which  can  either  retard  or 
accelerate  the  burning  rate,  can  play  a  definite  role.  The  percentage  of  the 
impurities  can  change  during  the  process  of  preparing  different  fractions; 


it  can  increase  during  the  grinding  of  NH^CIO^  in  mills  and  cm  decrease  during 
reorystallization. 

In  many  cases  it  is  interesting  to  compare  the  turning  rate  of  pure 

NH.  CIO.  with  that  of  compositions  based  on  it.  From  what  has  been  said  above 
4  4 

it  is  dear  that  the  burning  rate  of  pure  NH^CIO^  must  be  determined  for  that 
batch  ar.d  that  fraction  which  is  used  in  the  composition. 

Nevertheless  certain  mean  values  of  the  burning  rate  which  are  readily 
available  can  be  used  for  tentative  comparisons: 

p,  atm  40  60  80  100 

u,  mn/seo  4  6  8  10 

The  significance  of  the  unusual  form  of  the  curve  u(p)  for  NH^CIO^  at 

‘medium*  and  ’high'  pressures  is  unoar tain  in  many  respects.  For  medium 

ores3Ures  vezy  convincing  arguments  are  put  forward  on  the  role  of  convective 
152  188 

h9at  losses  .As  convective  heat  losses  become  more  significant,  the 

dependence  u(p)  becomes  increasingly  less  down  to  the  point  where  burning  is 

121 

completely  extinguished.  When  a  casing  of  fuel  is  used  burning  becomes 
more  stable  compared  with  the  burning  of  a  charge  without  a  casing,  hut  in 
this  case  the  dependence  u(p)  decreases  sharply  up  to  the  point  where  there 
is  a  fell  in  "the  burning  rate  with  increase  in  pressure  in  a  certain  pressure 
range. 

The  region  of  ’high*  pressures,  which  was  investigated  only  in  Refs. 121 

and  152,  is  even  less  clearly  understood.  The  sharp  increase  in  tne 

dependence  u(p)  close  to  350  atm  (the  exponent  v  in  the  equation  u  =  bpV 

was  0.251  at  70  to  350  atm  and  increased  to  v  a  1.75  at  550  to  1500  abn)  was 
152 

related  to  the  cracking  of  the  charge  of  NH^CIO^  due  to  the  thermal  stresses 
at  the  high  burning  rate  and  also  to  tho  rapid  incroase  in  pressure  in  the 
manometric  bomb  in  which  tho  experiments  wore  carried  out. 

However  a  sharp  increase  in  tho  dependence  u(p)  at  p  >  300  to  500  atm 

121 

was  observed  in  a  constant  pressure  bomb  by  A.P.  Glazkova  •  Honce  tho  rise 
of  pressure  in  the  volume  m3  not  a  necessary  condition  for  an  increase  in  the 
exponent  v.  Apart  from  thi3  it  was  shown  that  the  exponent  v  depends 
considerably  on  the  nature  of  the  casing  (for  charges  in  casings  of  porspox 
Vp“360  to  Q50  atm  ~  *>0r  ciiar8QS  coa^c^  with  a  layer  of  fluorinated  grease 

Vp-500  to  1 000  atm  ~  ^  55)  •  It  is  also  most  significant  that  for 
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2?7 

NH^ClOj  catalysed  by  5%  l^Cr^  (according  to  the  data  of  A.P.  Glazkova  '  ) 
the  curve  u(p)  at  p  $  1000  atm  is  quite  ’smooth*  (v  =  const  s  0.6)  and 
at  all  points  is  above  the  curve  u(p)  for  pure  NH^CIO^*  Hence  it  follows 
that  a  sharp  increase  in  the  dependence  u(p)  for  pure  NH^CIO^  at  p  >  300  to 
500  atm  is  not  necessarily  related  to  the  break  down  of  laminar  burning* 

Possibly  the  increase  in  the  dependence  u(p)  at  'high*  pressures,  and  also 
the  decrease  in  the  dependence  u(p)  at  ’medium*  pressures,  is  a  result  of 
the  limited  character  of  ihr  'jurning  of  NH^CIO^  and  reflects  the  temperature 
changes  in  the  reaction  zone  with  rise  in  pressure.  The  introduction  of  a 
catalyst  improves  the  ratio  of  the  heat  gain  to  the  heat  losses  and  thus  the 
curve  u(p)  assumes  the  normal  form. 

In  the  previous  section  it  was  observed  that  a  rise  of  temperature  in 

the  burning  zone  of  NH,  CIO.  due  to  an  increase  in  the  initial  temperature,  to 

4  4 

catalytic  additives,  to  fuel*  or  to  the  use  of  a  fuel  casing  can  considerably 
extend  the  limits  of  burning. 

A  temperature  rise  in  the  burning  zone  must  also  result  in  an  increase 
in  the  burning  rate.  This  has  been  investigated  most  thoroughly  at  'low* 

(<  70  to  150  atm)  pressures. 

The  dependence  of  the  burning  rate  of  NH.  CIO.  (pure  and  with  the 

addition  of  3$  copper  chromite)  on  the  initial  temperature  has  been  studied 

for  the  relative  densities  6  a  0.4,  0.56  and  0.95  and  pressures  1p  20,  40 

and  50  atm.  In  all  cases,  within  the  limits  of  accuracy  of  the  experiment, 

the  value  of  the  temperature  coefficient  p  =  d  In  u/dTo  was  in  tho  same 

range^  {3  =  (5.6  to  6.0)  .  10  ^  deg  1  (Pig.66),  The  value  of  p  for  NH^CIO^ 

is  very  much  higher  than  for  mixtures  of  NH.  CIO,  with  fuels  (for  a  not  too 
■  ,  4  4 

far  from  a  =  l),  where  p  a  (l  to  2)  .  10"3  deg"'1)  and  than  for  gas  mixtures 
♦See  footnote  p.162. 

^Such  a  constant  value  of  p  is ■ surprising  to  a  certain  extent;  p  might 
be  expected  to  decrease  with  increase 'in  pressure  and  the  addition  of  a 
catalyst,  since  in -this  case  tho  intonsity  of  combustion  incroasos  (see  above). 
However  it  was  shown  in  section  2, A,  C  that  the  temperature  cocfficiont  depends 

on  the  effective  temporaturo  in  the  combustion  zone.  In  the  case  of  NH,  CIO, 

4  4 

without  fuel,  the  effective  temperature  can  change  only  betweon  narrow  limits, 
sinco  even  for  an  equilibrium  product  composition  the  combustion  temperature 
is  very  low  (1380°K  at  1  atm  abs  (Rof.150;)  and  therefore  a  relatively  small 
decrease  in  the  intonsity  of  combustion  results  in  tho  extinction  of  combustion, 

103 

and  it  has  boon  deduced’  that  burning  at  1  atm  abs  is  stablo  only  at 

T  *  1 200°K.  Consequently  the  value  of  B  for  NH,  CIO,  without  fuel  can 
c  4  4 

change  only  within  relatively  narrow  limits. 
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(p  =  £.  10*"^  deg”"* ) ,  but  is  close  to  the  value  for  liquid  nitroeaters  (see 
oeotion  2,C)  where  burning  takes  place  in  two  stages,  and  the  burning  rate  is 
determined  by  the  first  low-temperature  stage. 

Thus  a  rise  in  the  initial  temperature  and  also  the  addition  of  oatalyats 
(see  seotion  17)  have  a  marked  effect  both  on  the  limits  of  burning  and  the 
burning  rate  of  NH^CIO^,  However  a  different  state  of  affairs  is  involved 
when  fuel  is  added  or  a  fuel  casing  is  used. 

Small  additions  of  fuel  can  in  soms  oases  reduce  the  burning  rate  of 

NH,  CIO,  even  to  the  point  of  extinction  of  burning  -  in  which  case  the  limits 
4  4 

of  burning  with  respect  to  pressure  also  become  narrower.  As  an  example  the 

07 

experiments  with  additions  of  bitumen  and  urotr opine  (Tables  57  and  58  and 
Fig.67)  can  be  quoted. 

The  cause  of  such  a  reduction  in  the  burning  rate  was  examined  at  the 
beginning  of  section  19.  It  is  observed  that  for  small  additions  of 
urotropine  (Table  58)  the  most  significant  reduction  in  the  burning  rate 
occurs  at  bigi  pressures  (100  atm),  but  at  low  pressures  (5  to  10  atm)  the 
burning  rate  generally  does  not  decrease.  This  result  is  to  bo  expected 
since,  as  the  pressure  increases,  the  width  of  the  zone  of  influenoe  decreases 


TABLE  57 


Burning  rate  of  lean  NH, CIO,  +  bitumen  mixtures  (5  ~  l) 

,  ,  - r  r  r  - m  - ^ - S - -  -  — . -  -M- - 

with  an  inert  casing  (phosphate  cemant-Klass) 


Fraction 

nh4cio4,  11 

p,  atm 

u  (mn/sec)  for  bitumen 
content  by  wt  % 

Without 

bitumen 

a 

B 

g 

-15 

10 

0 

0 

0  • 

•  3.0 

5.5 

40 

5.2 

0 

0 

5.2 

10.1 

60 

7.4 

0 

0 

80 

10.0 

0 

0 

100 

12.0 

0 

7.5 

11.7 

21.9 

10 

0 

0 

3.6 

40 

0 

7.1 

60 

6.6 

5*6 

80 

7.1 

IOC 

10.0 

7.8 

13.0 

120 

9.6 

Note:  Zero  denotes  that  the  mixture  does  not  burn  at  the  given  pressure. 


I 
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TABLES  58 


Burning  rate  of  mixtures  of  NH.  CIO,  (»  15  p)  with  urotropine 
- - it - it - tJ~ - 

(<  3 0  to  i»Q  u)  in  perspex  casing 
8  x  0.95  to  0.98,  diameter  of  charge  6  mm 


p,  atm 

u  (raov/sec)  for  content 
of  urotropine  by  wt  % 

p,  atm 

u  (mn/sac)  for  content 
of  urotropine  by  rct  % 

0 

2 

4 

14.2 
(a=  1) 

0 

2 

4 

14.2 
(a  =  1  ) 

5 

0.68 

0.98 

1.40 

3.9 

40 

4.9 

3.8 

4.2 

16.6 

10 

1.51 

1.42 

1.77 

6.0 

100 

11.4 

8.4 

6.5 

28.3 

(see  section  10,B)  and  the  ratio  of  the  heat  losses  in  preheating  and 

vaporizing  the  particles  of  fuel  to  the  heat  conducted  from  the  diffusion 
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flame  zone  becomes  less  favourable*.  Bata  are  given  on  the  narrovdng  of 
the  limits  of  burning  and  the  reduction  of  the  burning  rat6  for  small  additions 
of  non-volatile  fuels.  Here  the  decisive  role  is  played  by  radiation  losses 
and  in  this  connection  the  effect  of  the  fuel  colour  is  to  be  emphasized;  a 
given  percentage  of  black  particles  can  suppress  burning,  but  v/hite  particles 
do  not  interfere  with  burning. 

A  fuel  cesing  greatly  reduces  the  lower  pressure  limit  and  can,  though 

not  very  markedly,  have  an  effect  on  the  burning  rate  at  ’low*  pressures 

(see,  for  example.  Table  58).  In  this  case  the  heat  transfer  from  the 

diffusion  flame  at  the  edges  of  the  charge  does  not  raise  the  burning  rate  of 

NH^CIO^  to  any  significant  extent  and  only  compensates  for  the  heat  lost  in 

vaporizing  the  fuel,  but  at  the  same  ti®o  by  acting  as  a  pilot  flame  it  does 

not  allow  the  temperature  of  the  NH,  +  HC10,  flame  to  fall  below  a  certain 

3  4 

level. 


*For  a  high  fuel  percentage  the  burning  rate1  is  increased  in  comparison 
with  the  burning  rate  of  pure  NK^CIC^  over  the  whole  pressure  range  investi¬ 
gated,  but  this  increase  is  greater  at  low  pressures  than  at  high  pressures; 
thus  the  ratio  of  the  burning  rate  of  the  mixture  NH^CIO^  with  14. 2^  urotropine 

to  the  burning  rate  of  pure  NH^ClO^  is  5*75  at  5  atm  and  only  2,5  at  100  atm. 
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C  DEPENDENCE  OF  BURNING  RATE  ON  DENSITY 

In  seotion  2,D  it  was  shown  that  the  character  of  the  curve  u(S)  where 
o  =  p/p  is  the  relative  density  of  the  charge  can  vary  with  the . conditions 
under  whioh  the  reaction  takes  place  and  with  the  extent  of  heat  losses* 

If  the  reaction  takes  place  in  the  gas  phase  or  in  a  melt  and  there  are 
no  heat  losses  than  u6  -  const  $  f(6).  Under  the  same  conditions  but  in  the 
presence  of  heat  losses,  "the  product  u6  decreases  as  6  decreases  (since 
the  heat  release  decreases  in  proportion  to  the  decrease  in  5,  but  the  heat 
losses,  to  a  first  approximation,  do  not  depend  on  6  and  are  determined  by 
the  flame  temperature  and  the  temperature  of  the  surrounding  medium,  and  by 
the  nature  of  the  casing,  etc)*  However  for  secondary  explosives  (see 
section  2,B)  the  linear  burning  rate  u  usually  increases  with  6  in  the 
region  of  laminar  burning,  and  especially  in  the  region  of  convective  burning 
where  a  sharp  inorease  in  u  and  uo  is  observed  as  5  is  reduced. 

For  NH.CIO.  with  an  inert  casing,  the  linear  burning  rate  u  and  even 
4  4 

more  so  the  product  u6  deorease  with  decrease  in  6  (Table  59).  Moreover 
the  stability  of  burning  of  NH^CIO^  for  6  =  0.75  and  0.65  was  lowj  in  some 
experiments  burning  was  intermittent,  the  charge  did  not  burn  completely  and 
uhe  soatter  of  the  results  was  wide  (the  figures  given  in  Table  59  are  mean 
values  taken  from  a  large  number  of  experiments)* 


TABLE  59 

Depandenoo  u(S)  for  NH,  CIO,  (particle  size  100  to  140  p) 

iwwwt  i.  »  w  —  ■■■»—■-.  .  -a.  -  .Tp  n  ■ m  ■  »  .  <— 

yn> 


in  an  inert  casing 


For  6  a  1  phosphate  cement-glass;  for  6  =  0*75  and 
0.65,  glass;  diameter  of  charge  10  mm 


p,  atm 

u,  mm/seo 

u6 

6  a  1 

6  =  0.75 

6  =  0.65 

6  =  1 

6  =  0.75 

6  a  0.65 

60 

6.6 

4*6 

- 

6.6 

3.4 

100 

10.0 

6.7 

6.5 

10.6 

5.0 

4.2 

The  burning  of  NH^CIO^  in  perspex  casings  has  a  less  limited  character 
owing  to  the  diffusion  flame  at  tho  edgos  of  the  charge.  In  this  case  the 
linear  burning  rate  doos  not  decrease  with  decrease  in  6  but  increases 
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(Table  60).  Although  the  product  u6  decreases  with  increase  of  6,  the 
decrease  is  considerably  less  than  for  NH,  CIO.  with  an  inert  casing.  As 

If  Zf 

regards  the  stability  of  burning,  NH^CIO^  in  perspex  casings  for  6  £  0.7 
burns  completely  at  a  pressure  of  a  few  atmospheres,  whereas  NH^CIO^  with  an 
inert  casing,  or  uncased,  does  not  burn  below  20  to  40  atm.  The  scatter  of 
results  for  NH^CIO^  in  a  perspex  casing  is  considerably  ]ess  than  for  NH^CIO^ 
with  an  inert  casing. 


TABLE  60 

Dependence  u(£>)  for  NH^CIO^  in  a  perspex  casing 
(diameter  of  charge  6  mm) 


Particle  size 

p,  atm 

u, 

mnv/sec 

u6 

nh4cio4,  p 

6  =  0.96 

5  =  0.72 

6  =  0.96 

6  =  0.72 

15 

5 

0.68 

1.0 

0.65 

0.72 

10 

1.5 

1.6 

1 .44 

1.15 

40 

4.9 

5.9 

4.7 

4.25 

100 

11.4 

12.6 

11.0 

9.1 

320  to  410 

5 

O.63 

0.78 

0.6 

O.56 

10 

1,04 

1.55 

1.0 

1.1 

40 

5.4 

Sudden  change  1 
in  burning  J 
rate  i 

5.2 

10.1  j 

12.0 

t!  ] 

t 

11.5 

- . 1 

If  a  sufficiently  efficacious  catalytic  additive  is  mixed  with  NH,  CIO,  , 
the  width  of  the  combustion  zone  is  decreased  and  consequently  the  heat  losses 
are  reduced.  In  a  number  of  cases  the  intensity  of  connustion  increases. 
Therefore  the  burning  of  catalyzed  NH^CIO^  with  an  inert  casing  may  be  com¬ 
pletely  stable  at  low  pressures,  but  the  product  u6  remains  constant  as  6 
is  decreased. 

Thus  the  following  results  were  obtained  for  NH^CIO^  (~  15  p)  with  the 
addition  of  2fo  Cu20  (p  =  1  atm  abs,  glass  casing,  <f>  =  10  mm)1^: 


O.84 

0.92 


0.62 

0.98 


0.59 

0.94 


0.54 

0.94 


0.38 

0.95 


sec 
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Finally,  experiments  carried,  out  with  pure  NH^CIO^  with  an  inert  coating, 

but  at  an  elevated  initial  temperature  showed  that  the  product  u6  decreases 

with  decrease  in  8  to  lesser  extent  as  3?  is  increased  (compare  Tables  59 

o 

and  6l). 


TABLE  6l 


Dependence  u(6)  for  pure  NH^CIO^  with  an  inert  casing  at  an 


elevated  initial  temperature  (pressure  20  atm) 
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6 

u6,  ma/sec 

o' * 

O 

o 

1 

6 

u6,  mm/sec 

m  °fi 

0“  v 

0.90 

3.3 

100 

0.98 

4.4 

150 

0.75 

2.9 

100 

0.62 

4.2 

150 

0.62 

2.5 

100 

At  150°C  the  mass  burning  rate  is  almost  independent  of  6. 

The  results  of  experiments  on  the  dependence  u(6)  are  in  agreement 
with  the  idea  that  the  burning  of  NH^CIO^  takes  place  in  the  gas  phase  and  is 
very  sensitive  to  heat  losses#  if  the  leading  reaction  took  place  in  the 
oondensed  phase,  then  an  increase. in  the  initial  temperature  or  an  addition  of 
catalyst  oould  raise  the  absolute  value  of  the  burning  rate,  but  it  could  not 
give  u8  =  const. 

*  *  * 

In  concluding  section  19  it  is  observed  that  the  absolute  value  of  the 
burning  rate  of  NH^CIO^  is  reasonably  high  despite  the  low  combustion  tempera- 
tiire  and  the  high  sensitivity  to  heat  losses.  At  40  to  ICO  atm  it  lies 
within  the  seme  limits  as  the  burning  rate  of  many  explosives  (such  as  PETN, 
tetryl,  see  Table  13)  and  considerably  exceeds  the  burning  rate  of  suoh 
explosives  as  dynamite,  picric  acid  and  trotyl  (TNT),  although  their  combus¬ 
tion  temperatures  arc  1.5  to  2.5  times  higher  than  for  NH^OIO^.  However, 
the  burning  of  many  explosives  containing  NOg  groups  takes  place  in  two  stages 
and  the  burning  rate  is  determined  mtiniy  by  the  first,  the  low  temperature 
stage.  In  section  2, A  it  was  observed  that  the  burning  rate  of  volatile 
explosives  was  evidently  close  to  the  (mass)  burning  rate  of  gas  mixtures 
based  on  N02»  On  the  other  hand  the  burning  rate  of  NH^CIO^  is  small  (or 
v<?ry  small)  in  comparison  with  the  (mass)  burning  rate  of  gas  mixturos  with 
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oxygen  (see  Table  4)  and  evidently  with  HCIO^  (see  the  beginning  of  section  10), 
although  reliable  comparisons  cannot  be  made  since  the  experimental  data  are 
limited.  The  burning  rate  of  NH^CIO^,  oven  without  a  catalyst,  is  consider¬ 
able  higher  (4  to  5  times)  than  the  burning  rate  of  NH^NO^  (with  catalytic 
additives) . 

Finally,  if  the  burning  rate  of  NH^CIO^  is  compared  with  the  burning 

rate  of  mixtures  of  NH,  CIO.  with  fuels,  then  (see  the  beginning  of  section  19)» 

4-4 

depending  on  the  percentage  of  fuel  and  its  properties,  various  types  of 
relationships  between  these  burning  rates  are  possible.  Very  small  additions 
of  fuels  can  lower  the  burning  rate  of  NH^CIO^  considerably.  Mixtures  near 
stoichiometric  can  have  a  burning  rate  much  greater  (2  to  4  times)  than  the 
burning  rate  of  NH,  CIO^,  although  the  burning  rate  of  a  mixture  depends  largely 
on  the  particle  size  of  the  components,  on  th®  reactivity  of  the  fuel  and  its 
heat  of  combustion  and  or  the  heat  lost  in  preheating  the  fuel  and  -  in  the 
case  of  volatile  fuels  -  in  effecting  vaporization,  etc.  On  the  other  hand 
the  burning  rate  of  mixtures  with  a  large  excess  of  fuel  can  be  considerably 
lower  than  the  burning  rate  of  pure  NH^CIO^. 

20  BURNIK&  RATS  OF  BLACK  POWDER 

Black  powder  consists  of  a  mixture  of  KNO^,  wood  charcoal  and  sulphur. 

The  proportions  of  the  components  can  vary  to  some  extent;  usually  the 
composition  i3  72&  KNO^,  1^5  wood  charcoal  and  ICfo  sulphur  (the  powders  Mark 
DRP-1  and  Mark  DRP-3  have  compositions  close  to  this) . 

Black  (or  smoke -forming)  powder  is  the  oldest  mixed  system,  having  been 
employed  both  as  gunpowder  and  as  an  explosive  for  many  centuries.  In  recent 
times,  the  use  of  black  powder  has  become  extremely  limited.  It  is  used  (see 
Ref. 21 9)  in  time  fuzes,  in  igniters,  in  the  pyrophoric  (Bickford)  fuze,  in 
sporting  guns,  8 to. 

The  study,  of  black  powder,  apart  from  its  immediate  interest,  is  useful 
for  understanding  the  mechanisms  characteristic  of  systems  in  which  carbon 
particles  are  present  in  the  combustion  zone. 

g2  225  226 

Thus  the  theoretical  work  ’  }  carried  out  specially  for  black 

powders  is  of  great  interost,  since  examination  of  tho  experimental  data 
allows  theory  to  be  compared  with  experiment. 

A  DEPENDENCE  ON  PRESSURE 

It  was  already  observed  in  oarly  work  (the  results  of  which  arc  given  in 
Ref .21 9)  that  the  dependence  u(p)  for  black  powder  v.as  marked  at  low 
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pressures,  but  became  weaker  with  increase  of  pressure.  Thus,  the  data  of 
Saint-Robert,  at  pressures  below  one  atmosphere  gave  a  value  of  the  exponent  v 

y 

in  the  equation  u  =  bp  olose  to  v  =  0.7.  At  high  pressures,  according  to 
Vielle’s  data,  v  =  0*3  to  0.5. 

230 

Baum  and  T.evkovich  obtained  the  value  v  =  0.505  fc:r  smok6“forming 
powder  at  1  atm  abs,  but  at  high  pressures  (in  a  manometric  bomb)  v  =  0»17. 

220 

Shapiro  evaluated  the  data  of  several  authors  acid  obtained  the  follow¬ 
ing  results: 


p,  atm 

0,4 

1.0 

2.0 

3.0 

500 

V 

1,00 

0.63 

0.49 

■  0.40 

0.33 
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According  to  Andreev  ,  for  a  Bickford  fuze,  v  e  0.5  at  p  <  2  to 
2.5  atm,  and  above  this  pressure,  v  =  0.24. 

The  decrease  in  the  dependence  u(p)  for  black  powder  with  increase  of 

42,44,163 

pressure  has  been  observed  more  reoently  ’  ’  .  Thus  the  following  values 

for  the  coefficients  b  and  v  in  the  equation  u  (nan/sec)  =  bpV  (atm) 
were  obtained: 


Ref. 

163 

42 

44 

44 

p,  atm 

0.25  to  5 

10  to  1000 

400  to  2000 

1500  to  4500 

V 

0.50 

0.216 

0.25 

-0.0 

b 

8.8 

2.3* 

8.0 

-60 

The  experiments  were  carried  out  in  a  constant  pressure  bonrtA2'^  and 
in  a  variable  preosure  bomb^.  Powder  Mark  DRP-1  was  investigated  in  Ref.42 
■\nd  Mark  DRP-3  in  Ref .44*  The  experimental  values  obtainad^,^‘,^^  are 

plotted  on  log  u,  log  p  coordinates  in  Pig. 68  and  this  shows  clearly  the 
deoreasa  in  the  dependence  u(p)  with  increase  of  pressure.  It  is  possible 
to  reprosont  approximately  the  log  u  =  f  (log  p)  curve  as  four  separate 
straight  lines.  The  corresponding  values  c"  v  are: 


•This  value  is  for  b*  in  the  equation  m(gm  cm  sec”')  =b*pV  (atm). 
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p,  atm  0.1  to  0.25  0.25  to  3  1  to  1000  1000  to  4000 

v  1.08  0.56  0.226  0.118 

In  spite  of  the  considerable  scatter  of  the  experimental  points,  the 
most  reliable  data  are  certainly  those  for  the  range  1  to  1000  atm,  since  the 
straight  line  with  v  =  constant  is  obtained  from  the  results  of  three 
independent  works. 

Data  are  given  J  on  the  dependence  of  the  exponent  v  in  the  equation 

y 

u  =  bp  on  the  proportions  of  the  components  in  a  KNO^-wood  charcoal  mixture 
(black  powder  without  sulphur) : 


fo  KN0y%  charcoal 

S2/B 

m 

> 

CO 

76/24 

68/32 

a* 

2.13 

1.05 

0.59 

0.39 

V 

0.57 

0.50 

0.28 

0.30 

Pressure,  atm 

12.5  to  100 

5  to  125 

1  bo  100 

1  to  100 

Thus  the  dependence  u(p)  for  KNO^-wood  charcoal  mixtures  is  reduced 
with  increase  of  excess  fuel,  which  is  similar  to  the  results  obtained  for 
sufficient  excess  fuel  in  KClO^-graphite  and  KCIO^- tungsten  mixtures,  see 
section  14. 

B  DEPENDENCE  ON  INITIAL  TEMPERATURE 

At  moderate  initial  temperatures  and  pressures  not  far  above  atmospheric 
the  dependence  u(Tq)  for  black  powder  is  very  slight: 


Ref. 

159 

159** 

224 

224 

p,  atm 

1 

- 

1 

10 

T,  °C 

0  to  100 

-30  to  +44 

20  to  115 

20  to  125 

P .  103,  deg”1 

1.5  ±0.4- 

O.65 

0.50 

~1.0 

However,  at  very  high  values  of  T  the  dependence  u(T  )  can  increase 
224  0  o  . 

substantially  (for  example,  at  1  atm  abs,  (3__  o  =  0.50,  10”'>  deg~‘ 

-3  -•}  C  i 

and  p115-250°C  ~  U9,  10  d*6  ;  at  10  atm»  P75_225°C  ~  3,10  ^  deS  )• 

♦For  evaluating  a  the  wood  charcoal  composition  was  taken  as  CrH„0. 

o  2 

♦♦Data  of  F.A.  Baum. 
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The  dependence  u(T  )  for  powder  without  sulphur,  consisting  of  85$  KNO- 

0  pp»  ^ 

and  1f>$  wood  charcoal,  was  also  studied  .  The  value  of  (5  for  'sulphur*^ 
less’  powder  at  1  atm  ahs  and  moderate  initial  temperatures  is  substantially 

—3  -3 

higher  (P20-H5°c  K  ^©5  )  ^ian  *Qr  ordinary  powder  (a  0.5 «  10 

deg  ).  At  high  values  of  T  the  value  of  0  for  *  sulphurless  *  powder 
(KNOj-wood  charcoal)  reaches  7»10  J  deg  .  However  it  must  be  stressed  that 
the  data  on  the  dependence  u(T  )  at  high  values  of  T  have  as  yet  been 
obtained  from  only  one  source*^,  and  therefore  it  is  not  possible  to  appraise 
their  reliability. 

C  DEPENDENCE  OH  COMPOSITION 

163 

Experiments  were  carried  out  with  black  powder  of  the  usual  composi¬ 
tion  (75$  KNO^j  15$  wood  charcoal,  10$  sulphur)  which  has  a  value  of  a  of 
0.7  and  with  binary  KNOywood  charcoal  mixtures  with  the  proportions  92:8, 
85:15>  76:24  and  68:32,  the  corresponding  values  of  a  being  2.1,  1.05,  0^6 
and  0.4. 

Prom  the  aspect  of  heat  of  combustion,  sulphur  is  far  less  effective  than 
carbon,  since  the  heat  of  combustion  of  a  stoichiometric  S-KNO^  mixture  i3 
merely  a  1 GO  cal/gm  and  that  of  a  stoichiometric  C-KNO^  mixture  is  a  370 
cal/gm.  Nevertheless  it  lias  been  shown  that  the  burning  rate  of  ordinaiy 
black  powder  (with  1C$  sulphur)  in  the  pressure  range  studied  (l  to  "5  25  atm) 
is  substantially  greater  (see  straight  line  1  of  Fig. 69)  than  the  burning  rate 
of  binary  KNC^-wood  charcoal  mixtures  with  the  proportions  85:15  (a  «  1.05, 
see  straight  line  3  of  Fig .69)  or  76:24  (a  a  0.6,  see  straight  lino  2  of 
Pig.69).  Moreover,  for  the  76:24  mixture,  which  has  a  value  of  a 
sufficiently  close  to  that  of  powder  with  sulphur  for  these  «wo  mixtures  to 
be  compared,  the  value  of  v  a  0.28  lies  quite  close  to  the  value  of  v  for 
black  powder,  which  is  v  a  0.23  over  the  range  1  to  1000  atm.  Thus  it  may 
be  expected  that  the  difference  in  the  burning  rates  of  ordinaiy  black  powder 
(with  sulphur)  and  1  sulphur  lest  powder  will  be  retained  even  at  very  high 
pressures*. 


*0n  the  other  hand,  for  '  sulphurloss’  pov.dor  with  the  proportions  85:15 
the  value  of  v  is  markedly  higher  (v  a  O.50)  than  for  ordinary  pcvdor 
(v  a  0.23).  Consequently  the  difference  in  the  burning  rates  of  these  two 
compositions,  which  is  pronounced  at  1  atm  (a  2  mn/sec  for  ’sulphurless’  85:15 
powder,  and  a  10  mm/sec  for  ordinary  powder)  decreases  rapidly  with  increase 
of  pressure.  It  is  possible  that  at  a  pressure  of  several  hundred  atmos¬ 
pheres  the  straight  line  3  on  Fig. 69  (’sulphurless*  powder)  will  intersect  the 
straight  line  1  (ordinary  powder)  and  continue  above  it  -  in  conformity  with 
the  heat  of  combustion.  However,  the  value  of  a  for  the  85:15  composition 
is  much  oloser  to  the  stoichiometric  than  for  the  ordinary  powder,  so  that 
comparison  between  them  is  invalid. 


The  marked  acceleration  of  the  combustion  of  KNO^-wood  charcoal  mixtures 
by  sulphur  has  not  yet  been  satisfactorily  explained,  despite  the  fact  that 
the  use  of  black  powder  goes  back  many  centuries.  Further,  it  must  be 
emphasized  that  finely  divided  wood  charcoal  is  in  itself  a  very  reactive  fuel: 

(1)  A  stoichiometric  KNO^-wood  charcoal  mixture  burns  very  rapidly  at 

1  atm  abs.  On  the  other  hand,  stoichiometric  mixtures  of  KNO^  and  bitumen, 

paraffin  or  graphite  will  not  bum  stably  at  p  100  atm  (at  room  temperature) 

or  at  T  «s  200 °C  (at  1  atm  abs). 
o 

(2)  It  is  known  that  mixtures  of  ammonium  nitrate  with  various  organic 

fuels  can  burn  stably  only  in  the  presence  of  a  catalyst  (e.g.  (NH^) 

and  at  not  too  low  a  pressure.  However  a  NH,  NO, -wood  charcoal  mixture  at 

4  3 

a  =  1  burns  stably  even  at  1  atm  abs  (according  to  the  data  of  A.P.  Glazkova). 
However,  the  burning  rate  for  this  composition  is  much  lower  than  for  similar 
compositions  with  XNO^  or  KCIO^  (the  burning  rates  of  the  compositions 
indicated  are  approximately  1,  10  and  12*.  mn/sec  at  25  atm). 

(3)  The  stoichiometric  KC10,  -wood  charcoal  mixture  (see  curve  1  of 

Fig. 70)  burns  at  a  much  higher  rate  over  the  pressure  range  1  to  24  atm  than 

the  KC10. -bitumen  mixture*.  The  value  of  v  for  the  XC10.  -w-v  _  charcoal 
4  4 

mixture  for  the  pressure  range  investigated  (v  =  O.44)  is  significantly  less 
than  that  for  the  KClO^-bitumen  mixture  (v  =  O.64).  Therefore  at  higher 
pressures  a  KClO^-bitumen  mixture  may  burn  more  rapidly  than  a  KClO^-wood 
charcoal  mixture. 

(4)  Small  additions  of  wood  charcoal  can  significantly  increase  the 
burning  rates  of  a  number  of  condensed  systems,  and  especially  those  which 
contain  a  high  excess  of  fuel  (for  example,  NH^CIO^  +  perspex, a  =  0.6)^"*. 

It  is  possible  to  construct  approximate  curves  cj  u(a)  for  a  KNO,- 

3 

wood  charcoal  mixture  (Fig.7l).  The  maximum  burning  rate  lies  near  to 

a  =  0.6,  i.e,  significantly  closer  to  the  stoichiometric  ratio  than  u 

17«5  max 

for  a  KC10. -graphite  mixture  where  u  lies  close  to  a  =  0.4  , 
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D  COMPARISON  WITH  THEORY 

A  theoretical  expression  for  the  burning  rate  of  black  powder  as  a 

function  of  pressure  and  carbon  particle  size  was  first  obtained  by 

65 

0.1.  Leipunskii  .  The  natural  assumption  was  made  that  vaporization  of  the 
oxidizer  takes  place  first  and  then  the  particles  of  carbon  burn  in  the  stream 
of  oxidizer  vaporization  products  above  the  surface  of  the  charge. 

Using  the  basic  supposition  that  the  burning  rate  is  proportional  to  the 
square  root  of  the  rate  of  heat  release  in  the  reaction  zone,  by  analogy  with 
the  Zeldovich-Prank-Kamenetsky  theory,  see  section  1,E,  an  expression  ras 
obtained  for  the  burning  rate  of  finely  divided*  powder.  For  the  diffusion 
regime  of  burning  of  carbon  particles  the  burning  rate  of  the  powder  is 
U  ~  Vp/d,  and  for  the  kinetic  regime,  with  a  first-order  reaction,  u  ~  p/Vd. 

It  has  been  shown  that  the  experimental  value  of  v  is  close  to  unity 
for  pressure  below  atmospherio  and  is  close  to  v  =  0.5  for  pressures  of 
several  atmospheres,  and  for  higher  pressures  the  experimental  value  of  v 
decreases.  It  can  be  assumed  that  the  value  v  «  1  in  a  vacuum  corresponds 
to  the  kinetic  regime,  and  the  value  v  «  0.5  at  1  to  5  atm  to  the  diffusion 
regime.  The  decrease  of  v  at  higher  pressures  was  not  explained  in  Ref .65. 
However  it  can  be  understood  if  the  concept  of  the  zone  of  influence  (see 
section  10, B)  is  introduced.  With  increasing  pressure,  che  size  of  the  zone 
of  influence  decreases  more  and  more  rapidly  and  the  velocity  of  tho  fuel 
partioles,  the  size  remaining  constant,  falls  more  and  more  rapidly  below  the 
velocity  of  the  gas.  At  very  high  pressures  the  particles  insid6  the  boundary 
of  the  zone  of  influence  are  practically  stationary.  In  this  case,  as  in 
section  8,B,  the  burning  rate  does  not  depend  on  pressure,  i.e.  v  =  0. 

The  effect  of  the  particle  size  of  carbon  on  the  burning  rate  (the 
dependence  u(d))  has  scarcely  been  investigated  experimentally.  However, 
exploratory  experiments  '  indicate  that  tho  experimental  dependence  u(d)  is 
much  lQ3s^  than  u  «  d  \ 

*Tho  particle  size  d  of  tho  carbon  partiolos  is  so  small  that  their 
velooity  can  be  taken  as  equal  to  tho  gas  volooily. 

^Two  mixtures  of  identical  composition  (855k  KNO^  +  wood  charcoal)  were 

investigated.  In  one  mixture  tho  size  of  the  partioles  of  fuel  and  oxidizer 

wa3  «  10  to  20  n,  in  the  other  «  400  |i.  At  1  to  50  atm  tho  burning  rato  of  the 

finely  divided  mixture  wa3  only  approximately  twice  that  of  the  coarse  mixture 

(at  50  atm*  u„.  «  16  inn/ sec,  u  «  8  mn/soc),  although  the  particle  sizes 
4  n  co 

differed  by  a  factor  of  ten. 
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B.V.  Novozhilov  ,  who  continued  the  work  of  Rof.65»  attempted  to 
obtain  a  solution  without  making  the  assumption  that  the  particles  of  carbon 
move  with  the  velocity  of  the  gas.  For  the  kinetic  regime  u  «  p/d^  was 
obtained,  and  for  the  diffusion  regime  u  z  p3/d. 

226 

However  in  later  work,  B.V.  Novozhilov  acknowledged  that  the  above 
results  were  incorrect  in  that  the  calculation  of  the  entrainment  of  the 
particles  by  the  gas  stroam  was  made  inaccurately  and  for  the  diffusion  regime 
he  returned  to  the  expression  u  ss  Vp/d  obtained  in  Ref. 65. 
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An  attempt  was  also  made  to  calculate  the  absolute  burning  rate  of 
black  powder,  using  the  assumption  that  the  ignition  temperature  of  the 
particles  of  carbon  could  be  calculated  by  means  of  the  Frank-Kamenotsky 
criterion.  The  calculated  value  of  the  burning  rate  proved  to  be  considerably 
lower  than  the  experimental  value.  Hence  the  conclusion  was  drawn  that  the 
particles  of  carbon  ignite  earlier  than  follows  from  this  criterion. 
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(l)  propan*  (2)  propylene 
(3)  propyne  iiith  air  at 
p  m  1  ata  abs1^ 


?ig.  4  Kaxiaun  burning  rat*  in 
air  mixtures  of  (l) 
n- alkane a  (2)  n- aliens s 
(3)  n-aliynes  in  depend¬ 
ence  on  length  of  chain  *3 


u,cm/s«c 


Fig.  5  Dependence  of  linear  burn¬ 
ing  rate  of  G*Ho-air  mix¬ 
ture  on  ratdn  or  components 
(i/a)  at  various  initial 
temperatures 
(p  =  1  ata  aba)21 

1  -  311. 0°K 

2  -  477. 6°K 

3  -  644. 3°K 

4  -  811. 0°K 


Fig.  6  Dependence  of  temperature  coeffi¬ 
cient  8a  3  d  In  n/d  £0  deg”'  an 
ratio  of  components  a  for  CjHg-air 
mixtures2' 

Position  of  maximum  burning  rate 
shorn  by  dotted  vertical  line 
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FIG  7-9 
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Fig.  7  Temperature  profile  in  combustion  zone  at  p  =  5?atn  abs 
(themocouple  W  +  5$  Re,  W  +  2 C#  Re;  si  = 

Portion  A  =  first  flame;  Portion  B  =  second  flame 


Fig,  8  Dependence  m  =  f(p)  (ra,  go  ca“^sec“1;  p,  atm)  for  cyclonite 
(RDX)  0  and  dynamite  A**2 

1  -  straight  line  m  =  0,072  p0,82  2  -  straight  line  m  =  0.034 

1*  ..  curve  o  =  0,9  +  0,0216  p  2'  -  curve  n  =  0.118  +  0.009  p 

•  -  our  data  for  p  s  1  atm  abs 


l/u,  jtc/cm 


1 g,  ')  Dependence  of  burning  rfte  of  gelatinized  nltrcglyc<vine  (.nth  3A 
addition  of  collodion)  on  initial  temperature  :>t  atuospher,1' 
prea-.  iro'5 


i 
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FIG,  10 -12 


w,mn/»«c 


Pig,  10  Dependence  of  burning  ralooi^y 
of  liquids  * .on  disaster  of 
test  tub*  d**' 

1  -  oar  patrol 

2  -  tractor  karosene 

3  -  distal  fual 


Pig.  11  Dependence  of  burning  rate 
of  liquids  v*  on  aoncentra- 
tdon  of  oxygen  at 
pal  atai  sbs^ 

1  -  diesel  fuel 

2  -  petrol 


w,mm/min 


(a)  p  =  650  bib  Hg 


(b)  p  =  22*0  ebb  Hg 


Pig.  12  Burning  of  eihyl  alcohol  in  air  on  a  porous 
sphere  at  pressures  of  650  and  22*0  as  Hg^ 
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FIG.  13-15 


Fig*  13  Traoka  of  altialnlxm 

particles  (30-35^)  burning 
at  p  ■  1  at*  aba-in  a 
atraa*  of  gas  zz° 

T**peratura  and  ooarpooition 

Of  CM 

»)  *  «  2390%  3#  02,  0.6*  HoO 
b)  T  .  241 0°K,  3#  0g,  17J6  HgC 
Iba  fragnentaticn  of  partLclaa 
can  be  aaan  at  tba  and  of  tha 
trades 


») 


Fig.  14  Cine  fraaes  (3800  flrawa/aoo) 

Of  bUTOiOg  of  «Tna4rrfni« 
partLclaa  abore  surface  of 
powder  (p  >  14  at*)76 


Fig*  15  'Disruption'  of  burning  partLclaa 
of  titaniu*®^ 

partiolb  oise  150-420P;  burning 
in  oaygan;  ignition  by  gaa  flaae 


f' 


0 


Fig.  16  Spheres  of  (d  a  IJjOJi)  foraed  during  Jjfae 

turning  of  alusxniua  partiolea  (d  »  70 h)22-* 
Soae  of  the  spheres  have  dislntegratad  shoving 
that  they  ara  holloa 


i>  volatile* 


T,°  C 


Fig,  17 


Degree  of  vaporisation  of  polysera  (j(  volatiles  is 
relation  to  initial  polyaor)  on  beating  for  309o 
Minute  a  in  vaouo  at  the  taaperature  indicated128 


1  polyvinyl  chloride 

2  polyacrylonitrile 

3  polynethylatyrene 

4  polynatbylnoth acrylate 

5  polynethyliaobutylene 


6  polystyrene 

7  polybutadiene 

8  polynethylene 

9  polyvinylidene  fluoride 
10  polytetrafluoroethylana 
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FIG  18-JO 


a)  d  *  ^  4  o)  d  » 

V  .  a  1 
“ain 


Pig.  18  Schematic  riaw  of  combustion  front  and  surface  of  charge 
far  oondsnsad  mixtures 


Pig.  19  Burning  of  spherical 
p-rdcles  of  NH.C10, 
in  a  blook  of  poly-j' 

methylmethacrylate*^ 


2,  Mti 


20  Kean  profile  of  indentation  formed 
in  a  plate  of  perspex  burning  in 
o on tact  with  KCIO4  (6  x  0.68)  at 
1  atm  abs^24 

x  a  distance  along  length  of  plate 
Z  =  depth  of  burning,  origin  of  co¬ 
ordinates  at  'tip'  of  flame 

1  -  -  25  tra;  u  -  0.50  su/seo 

2  -  =  3.8  nn;  u  a  0.98  nV«ec 
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FIG.  21  8  22 


Fig. 


Fig.  22 


u,  mm/stc 


dp,  mm 


Velocity  of  flame,  u,  in  system:  layer  KCIO^  (6  =  0.68)  +  film 
of  polyethylene  of  various  thicknesses,  dp,  +  thick  substratum 
of  perspex  at  Yarious  pressures12^ 

1-5  atm  (gauge):  2-10  ate  (gauge);  3-20  ata  (gauge); 
4-30  ata  (gauge) 


Sohenatio 
diagram  of 
oonstant 
pressure  bccb 
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FI 6.  23-25 


Fig.  23  Sample  cf  drum  caaera  record 


Pig.  24  Appliance  for  evaluating 
film  records  Bade  by 
photorecorder 

1  -  sliding  plate 

2  -  ruler  pivoting  around 

pin 

3  -  filn  record 


Fig.  25 


Drum  camera  with  double-objective  optical  system 
for  measuring  burning  rate 
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w ss  fig  °r; 

*wal*  *“»  -  *«»  Ua£  ilS  *»*) 

_  s^&sarsKc  « »& 
atw  *-  -  ds  r3“  «v ir 


«.»m/*«c 


Pig.  27 


Dependence  of  burning  rate 
90$*  +  10JS  KC10.  o 
tunsaten  partiole  ai*»  (3) 
different  pressures^? 


1-10  ata 
2  -  2-50  a tii 
3-100  ata 


d,H 
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FIG.  26-28 


I 


u,ntm/»tc 


Pig.  28  Dependence  of  burning  rate  « 
stoichloaetric  mixture  XC10, 
bitumen  on  oriditer  partiolfr 
site  (d)  at  different  preaaui 


1- 1  ata  aba 

2- 3  atm  aba 


3- 5  ata 

4- 10  ata 
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FIG.  29  l  30 


u.mm/xc 


a)  <  s  1.0  b)  a  =  0.2  c)  a  =  0.15 


Fig.  29  Dependence  of  burning  rate  on  Iffl^ClO^  particle  size  (d)  for 
ungelatinized  mixtures  HH^CIO^  +  polystyrene  (<  100P)  at 
various  pressures1'0 

1  -  100  atn  2-70  a  to  3  -  40  atm 


i; 
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?ig,  31  Dependence  of  burning  rate  on 
oridiser  particle  siae  (4,a) 
for  Tbio'aol  oospositicn  at 
different  pressures1'1' 

1  -  1.2  ata 

2  -  7  ate 

3  -  112  ate 


rig,  3 2  (central  fore  of  dependence 
u(a)  for  finely  divided 
(vlm)  and  coarse  (i^o) 
Mixtures 


u,mm/sec 


?ig.  33  Dependence  u(«)  for  ungelatinised 
sdxtura  NH4CIO4  k'5v)  +  perspex 
(~3p)  at  different  pressures*'* 

1  -  100  at* 

2  -  1*0  ala 

3  -  10  ata 


Fig.  34  Dependence  u(ct)  for  ungelatiLnized 
nixture  NH.C10.  (140-320F)  + 
perspex  (4)i)  at  different 

pressures1 <5 

1  -  100  ata 
2-40  ata 
3  -  10  ata 


£~ 
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FIG.  31 -34 
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FIG.  35-37 


P,at(n 


Pig*  35  Dependence  u(p)  for  golatinixed 
■ixtur*  ia4C104  Ho//)  +  po^_ 
styrene  for  various  values  of  a1'- 

t  -  *  =  0.1 
2  -  a  =  0.2 
3-c«  0.3 

4  -  a  «  0<>5 

5  -  a  =  1 


Pie.  36  Dependence  u(p)  for  mixture  10JS 
KC104  +  9<#  *  (a  «  0,2)  for 
various  tungsten  particle  sises1^ 

1  -  2.7 P 

2  -  19n 
3-160// 

4  -  340  P 

5  -  550  u 


u,  mm/sec 


P.otm 


u,  rmn/stc 


P  ,otm 


Fig.  37 


Dependence  u(p)  for  mixture 
A1  +  P02OJ  (a  «  1)  for  various 
aluminium  particle  sises  (d/j) 
and  various  oharge  diiaetersi'(^)139 


1 

2 

3 

4 

5 

6 


*A1 

?A1 

5a 

5a 

5a 

5a 


3  -0.1//, 

=  ~3*4 

■  *“12/i, 

=  —12//, 

=  — "1 70 
=  -540//, 


£  «  6.0  mm 
0  a:  6,0  an 
0  a  10.0  ma 
<t>  -  6,0  BQ 

<j>  s  10.0  am 
0  =  10,0  an 
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FIG,  36-40 


vyr»/*«c 


P.atw 


?i«.  38  Dependence  u(p)  for*  nuaber  of 
theralte  nixtures^” 

1  -  x,  Cr^Oj  +  2  JU 

2  -  A,  A,  U2 Oj  ♦  2  A1 

3  -  0,  e,  CroO*  *  3  ** 

,  3  te02  +  4  ii 

z,  e,  A,  ■  -  esperiaents  in  nitrogen 
o,  a  -  M^periaenta  in  argon 


Fig.  39  Dependence  u(p)  for  aixinrea 

KH4CIO4  (76-104/0  +  partfonwl- 
daby^  (<  760)  for  tariouj  Taints 

1  «  a  *  2.23 

2  •  a  s  1,0 
3-««  O.64 


u,cm/««c 
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Fig.  40  Depends nos  u(p)  for  gelatinised 
■ixture  NHrC104  +  perspex 

(«  «  o.7)1& 

NH4CIO4  partiolo  sise 

1  -  80$  t-5u)  ♦  20$  (l40-320/i) 
2-50$  ("5«  50$  (140-320W) 
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u,<nm/ttc 


p,atm 


Pig.  41  Dependence  u(p)  for  gelatinised 

Kixturo  +  perspex175 

1  “  u  *  1 

2  -  a  =  0.7 

3  -  a  =  0.6 


Pig.  42  Dependence  v(a)  (at  p  =  5  to  100  at») 
a)  Typo  I  curre  (ref.  175) 

1  -  NH^CXO.  (~40  P)  +  polyp ropylena  (<1COp) 

2  -  KCXO4  fvlOp)  +  urotropine  (finely  diridad 
*>)  Type  n  ourre  (ref.  164) 

KEIO^.  HOp)  +  tungsten  Hp) 


RPF.  Tr  19 
FIG.  41*43 


Pig.  43  Kffeot  of  position  of  caxieum  and  shape  of  aunre  u(b)  at 
different  pressures  on  nature  of  dependence  v(a) 
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PIO.44-4* 


u,iara/KC 


7i|>  44-  Dapandano*  u(p)  .for  g»l£.tiialaad 
tdsdara  Cl%  (-'3J*>  +  parspax 
(a  m  0*3)  nr.p^U>os  initial 
tanparataraa1 2 3™ 


1 

2 

3 


+  130*8 

♦  7325 

♦  20°C 


Ti(.«  45  Iffaot  of  additivaa  on  dapacdanoa 
w(p)  for  aalatinlaad  nixtura 
KHj^ClC^  (^5p)  ♦  porspcx  (a  ■  0*0 

1-0,  without  additiva 

2  -  y,  2J6  poTyrtyrana,  galatiniaad 

with  nixtcmj  a  nixtam  vitk 
2jC  wood  charcoal  (Its*  praotio- 
■lly  tfaa  um  tazninf  rata,  ♦ 

3  -  X,  2J5  CujO 


ujanfeac 


p,  atm  ab* 


Tig,  46  Dapondanc*  of  i«t*  of  finj'ly 

dirifiad  aixtaraa  on  praaaura  at 
p  <  1  atn  abs-35 

1  -  0,  SH/.C10 l  *  MLtunan  (a  «  1) 

2-4,  m£Gl«  +  trotyl  (Wf)  (a  .  1) 

3  -  +,  KCXfy  ♦  trotyl  (TOT)  (a  .  1) 


RP4397 
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PIC.  47  4  48 


Pig.  47 


Value  of  exponent  v  in  equation 
condensed  nirtures  enter  various 


u  s  bpy  for  some 
pressure  ranges 


u. mm /sec 


Pig.  48 


s/"  rs’Krr.sr* aviM  w 

^ “ass  ssrs; - 
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FIG  49-E.2  ' 


In  u 


Fig,  49  Dependazwe  of  burning  rate  on  initial 
temperature  T0  for  some  thermite 
mixtures1 

1  -  AL-FepO}  («  a  1) 

2  -  B-Fe2C>3*  (a  =  l) 

3  -  (a  =  1) 

4  -  W-KC104  (a  *  1 .78) 


Fig.  30  Dependence  of  burning  rate  on  initial 
temperature  T0  for  ungel&tinized 
KHi.C10i,  +  polystyrene  mixture  (a  a  1,5) 
(ref.  216) 

1  -  da,  «  10JJ 

2  -  doX  =  1 40-320 P 


In  u  u, mm/sec 


p,IO?deg 


u,hir/mc 


>i, j,  51  Dependence  of  temperature  coefficient 

p  and  burning  rate  u  on  a  for 
gelatinized  NH4CIO4  ("v10b)  +  polystyrene 
mixture;  p  =  40  ato  (ref.  216) 


Fig,  52  Dependence  of  temperature  coef¬ 
ficient  p,  burning  rate  u,  and 
equilibrium  combustion  tempera¬ 
ture  Te  (calculated)  on  a  for 
finely  divided  I'H^CIO^  +  poly- 
fomaldehydo  mixture  at  ataos- 
phorio  pressure 
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FIG.  53-55 


i 


a  oi  ^  27  ^ 

Fig.  535  Configurations  of  layer  systems  *  * 

la)  Cylindrical  core  of  oxidizer  in 
co-axial  tube  of  fuel 

lb)  Cylindrioal  core  of  fuel  in  ooaxiivl 
tube  of  oxidizer 

2a)  Oxidizer  layer  between  tire  f'*')!  layers 

2b;  Fuel  layer  between  two  oxidizer  layers 

2o)  As  2b,  but  with  additional  fuel  layer 
on  each  external  faoe 


* 


Fig.  54  Dependence  of  burning  rate  u  on 
thickness  d  of  oxidizer12^ 

1  »  KCIO^  layer  (6  ~  0.92)  between 

tire  perspex  layers  (p  s  20  ata), 
& 

2  -  KCIO4  (6  =  0.62-0.67)  between 

two  layers,  0;  in  cylindrioal 
perspex  tube,  •,  (p  *  10  ata) 

3  -  BaOg  (6  a  0.35)  in  plane  channel 

in  perspex  (p  =  20  atm),  + 


u,  mm/sec 

4 

3 

Z 

J 

0 

a)  d.mm 


u,mm/*ec 


Fig.  55  Dependence  of  burning  rate  u  on  thickness  d  of  fuel  layer 
between  two  KCIO4  layers  (p  =  20  ata)  (ref.  124) 

a)  -  Perspex;  configuration  2c  of  Fig.  53*  ^KdO  = 

b)  -  Polyethylene;  configuration  2b  of  Fig.  53,  ‘-’kCIC^  ~ 
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FIG.  56*58 


Fig.  56  Dependence  u(p)  for  various  raddixera 
in  coaxial  tube  (dia.  6  m)  of 
perspex'2' 

1  -  KClOi  (6  *  0.84-0.88) 

2  -  KCIO3  (6  *  0.85-0.89) 

3  -  BaOp  (6  =  0.33-0.34) 

4  -  KMa04  (6  =>  0.53-0.56) 

5  -  Stoiohioaetrio  ungelatinised  KC 104 

+  perspex  Mixture;  p  re  do  Kina  ting 
particle  sire  <  10  P 


u,mm/*ec 


u,mm/s«c 


p.otm 


Fig.  57  Dependence  u(p)  for  cylindrical 

oore  (dia.  6  aa)  of  fuel  in  coaxial 
tube  of  oxidixer'®® 

1  -  A1  (powder,  6  a  0.94)  -  Be(N05)2 

2  -  W  (particle  aise  140-400/J; 

6  a  0.40-0.45)  -  XMn04  (6  a  0.94) 


Fig,  58  Dependence  u6  a  f(6)  for 
KC104  in  cylindrical 
tube  (dia,  €  an)  of  pers¬ 
pex  at  various  pressures^ 

1- 40  atn 

2- 5  ata 


% 
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FIG.  59-62 


UD,  mm/sec 


Fig.  59  Dependence  u6  =  f(6)  for  a  cylin¬ 
drical  core  (dia.  6  m)  of 
aluminium  powder  in  a  coaxial 
tuba  of  KJiaOi  (6  a  0.94)  at 
20  ata  (ref.  166) 


0,070,020,050,10,2  0,5  1  Z  S  W 


P(_.  atm 


d,mm 


Pig.  60 


Comparison  of  dependence  u(d)  for 
layer  system  and  ordinary  die- 
ordain d  mixture •***■# 

1  -  KCIO4  layer  (6  e  0.62-0.67) 

of  thickness  d  in  porspox 
(p  *  10  atm)  A  plane  layer 
V  cylindrical  core 

2  —  gelatinised  KClOj.  +  perspex 

mixture  (a  «  1;  p  =  10  atm; 

6  *  0.9) 


Fig.  61 


Figo  62  Dependence  u(p)  for  NH,  CIO. 

(not  fraotionated)  in  pers¬ 
pex  tubes  (internal  dia.  <f>t 
wall  thickness  1  ma» 
imk010k  >  °»51)  (ref.  121) 

A  —  0  a  5  BUB 
0  -  0  =  7  mo 

+  -  <fi  m  10  mm 


Dependence  of  (pressure  at  lower 
limit)  on  approximate  mean  particle 
eiso  d  of  NH4CIO4.  (ref.  189) 

Experimente  in  constant  pressure 
bomb;  unooated  charges  8  mm  dia* 

0  —  0.98 


-2  -1 

m,gm  cm  sec 
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FIG.  63-65 


FiS*  63  Dependence  e(p)  for 

pellets  (diameter  0)  of 
MHhClOj.  (not  fraotion- 

ated»  wH^ClO^  “ 
coated  with  layer  of 
lacquer  or  grease121 

1  -  0,  0  =  15  mm,  layer 
of  polyvinylchloride 
lacquer  0.1  an  thiok 
2-9,  Do,  hut  <j>  a  7  am 
3  -  +,  0  =  7  ran,  layer 
of  fluorinated  grease 


p,otm 


u,  cm  /sec 


Fig.  64  Dependence  u(p)  for 
uncoated  pellet? 

(4  s  4  mm)  of  NH.CIO^ 

(6  =  0.97-0.98)120 

1  -  non-fraotionated 

KH4CIO4,  70°C 

2  -  Do,  21 °C 

3  -  dox  <  53 »,  21 °C 

4  -  doX  =  7V-105#i,  21  °C 


Fig.  65  Dependence  u(p)  of  NH^CIO^  for  various 
particle  sizes  of  NH.ClOi  (unooatod 
oharge  8  oa  diaj  ^NH^ciO^  a  °*98) 

(ref.  189) 

1  -  3  to  7p  4  -  100  to  300 n 

2  -  55  to  95  n  5  -  250  to  i(00  u 

3  -  5  to  250  f  6  -  300  to  3000  n 


u,  cm/sec 


20  Ft?  no  m 
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FIS.  66-66 


Fig.  66 


Fig. 


0 

+ 

V,  A 


Dependence  of  logaritha 
of  burning  rate  of 
HHiCiOi  (—10*0  oii  initial 
temperature^*-' 
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Fig.  67  Dependence  of  burning  rate  (at 
p  a  100  atn)  of  lean  mixtures  of 
NHeClOr  +  fuel  on  percentage  of 
fuel1?* 

1  -  bitunen 

2  -  urotropine  (<  30-40*0 


68  Dependence  of 
burning  rate 
of  black  pow¬ 
der  on  pres¬ 
sure 

data  of  ref.  163 
data  of  ref.  42 
data  of  ref.  44  for 
two  different  con¬ 
stant  proasure  bombs; 
data  over  pressure 
range  1000-4000  atn 
given  above  on  larger 
soale  for  p  axis 
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Fig.  69  Comparison  of  burn¬ 
ing  rate  of  ordin¬ 
ary  black  powder 
(with  sulphur)  and 
binary  UNO*  +  wood, 
oharcoal  mixtures”® 

1  -  ordinary  blaok  powder  (data 

transferred  from  Fig.  68) 

2  -  mixture  76%  ENO*  +  21#  wood 

oharcoal 

3  »  mixture  85#  KNO3  +  15#  wood 

oharooal 


u,  mm/icc,  log  u 


Fig.  70  Comparison  of  burning  rates  of 
finely  divided  stoichiometric 
mixtures  of  KC10.  with(1)  wood 
oharooal  (2)  bitumen'®* 
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Fig.  71  Dependence  of  burning  rate  of 
finely  divided  KNOj  +  wood 
oharooal  mixture  on  a  at 
different  pressures”® 

1-50  atm 
2  -  15  atm 


u  mm/scc 


